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1. Introduction and scope  
Agriculture is the main source of livelihood and income for 70 % of the world's poor who live in rural 
areas (World Bank 2015). Continuous cultivation without sufficient replenishment of extracted 
nutrients and associated soil erosion are the major drivers of soil fertility degradation. Limitations in 
organic matter and key nutrients greatly constrain agricultural production. Population pressure and 
climate change exacerbate the condition of soils in the region; soils in semi-arid zones are 
particularly vulnerable. Loss of soil fertility has caused average yields of grain crops in sub-Saharan 
Africa (SSA) to stagnate at about 1.5 tonne (t) per hectare since the 1960s, while fertilizer use has 
remained at about 10 kg per hectare of cultivated land over the past 40 years (Stocking 2003; 
Sommer et al. 2013). To keep pace with a growing population and increased food demand as well as 
dietary shifts, food production will have to increase by 70% by 2050 (Bruinsma 2009). Maintaining or 
rehabilitating soils to increase agricultural productivity is one of the key ways of tackling global 
hunger (Lal 2006; Gilbert 2012). 
Linking crop productivity to soil health, soil research has a long tradition in international agricultural 
research centres (IARCs), i.e. the 15 centres aligned under the CGIAR1 Consortium, as well as centres 
outside this Consortium, such as CATIE, CABI, IPNI or IFDC. CIAT and other institutes have developed 
significant knowhow in the area. Over the last decades, significant soils research has been conducted 
in Africa, Asia and Latin America in many eco-regions, including high potential semi-humid and 
humid areas and lower potential semi-arid areas and on many different soils of the tropics. Over the 
past decades, the Tropical Soil Biology and Fertility Institute (TSBF) of CIAT conducted research on 
soil fertility and soil processes in SSA and generated a wealth of knowledge, through the 
establishment of comprehensive data sets and publications of books, research articles, training 
manuals and handbooks.  
The German Federal Ministry of Economic Cooperation and Development (BMZ) programmes have 
been focusing on sustainable soil management for many years. In 2014, BMZ/GIZ initiated a global 
programme on ‘Soil Protection and Rehabilitation for Food Security’. This programme invests in 
rehabilitation of degraded soils and supports policy development for rehabilitation, soil information 
and extension systems in Benin, Burkina Faso, Ethiopia, Kenya and India. 
To ensure that the current state-of-the-art of soil research is reflected in these new German 
development cooperation efforts, this state-of-the-art report summarises the major trends of the 
last two decades in soil research of the IARCs, with a focus on SSA. 
                                                          
1 Consultative Group on International Agricultural Research http://www.cgiar.org/  
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2. History of soil research of IARCs  
Over the past two decades, there has been substantial evolution in the paradigms underlying soil 
fertility management research and development efforts. On one hand, this is due to the progress of 
science and increased experience (what works and what does not) and on the other hand, because 
of changes in the overall social, economic and political environment.  
During the 1960s and 1970s, the first paradigm – the ‘external input’ paradigm – in tropical soil 
fertility research evolved. It was based on a rather one-size-fits-all idea that external inputs – mineral 
fertilizers or irrigation – were sufficient to overcome soil fertility constraints present in SSA (Sanchez 
1994), as successes in Asia applying this paradigm – later coined ‘the Green Revolution’ – were 
encouraging. As a consequence, many African Governments introduced subsidies on mineral 
fertilizers (Druilhe and Barreiro-Hurlé 2012). 
However, as opposed to Asia and Latin America, successes in promoting the external input paradigm 
in SSA were limited for various reasons (IITA 1992). Features that set SSA apart include: (a) a higher 
diversity of crops are grown in Africa compared with Asia, which make it more challenging to apply a 
one-size-fits-all solution as is the basis of the Green Revolution; (b) Africa is a large continent with 
very different agro-ecological zones, so it requires a diversified range of management techniques; (c) 
similar applies to the soils of Africa, which are largely diverse, with highly weathered, inherently 
infertile soils covering vast areas (Sommer et al. 2013); and (d) most of African agriculture is rain-fed, 
contrary to Asia where irrigated agriculture is widespread  (UNCTAD 2010). A lack of concerted effort 
and political willingness were additional reasons for the early failure of the Green Revolution in SSA 
(Verchot et al. 2007). This, together with environmental degradation resulting from massive 
applications of fertilizers and pesticides in Asia and Latin America between the mid-1980s and early 
1990s (Theng 1991) and the abolishment of fertilizer subsidies in SSA imposed by structural 
adjustment programmes (Smaling 1993), led to an interest in organic resources as alternatives to 
mineral fertilizers. 
Thus, to some extent, as a consequence or countermovement, starting in the mid-1980s, the organic 
input or low-input sustainable agriculture (LISA) paradigm evolved. This paradigm emphasised 
minimal use or total exclusion of external inputs that entailed research on developing technologies 
that prioritised biological techniques to replenish soil fertility. Mulching, rotational intercropping, 
agroforestry and composting are examples of such technology. Different low-input techniques were 
developed and tested on farmers’ fields (Versteeg and Koudokpon 1993). Although it is undeniable 
that organic matter inputs are crucial for maintaining soil fertility, significant amounts are needed to 
balance the withdrawal of nutrients through harvesting of products and this is often not available to 
smallholders as its management is land and labour intensive. 
Taking such constraints into account, Sanchez (1994) formulated a second paradigm that recognized 
the need to use mineral and organic fertilizers, together with improved germplasm. This paradigm 
recognized that organic and inorganic amendments have positive and complementary interactions 
and that one can rarely substitute one with the other (Buresh et al. 1997; Vanlauwe et al. 2001a, 
2001b). This second paradigm was accompanied by a shift in approaches towards involvement of the 
various stakeholders in the research and development process (Swift and Seward 1994). One of the 
important lessons learned was that the farmers’ decision-making process was not merely driven by 
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the soil and climate, but by a whole set of factors cutting across the socio-economic and political 
domain (Bekunda et al. 2010).  
At the same time, there has been increasing recognition that land degradation not only has on-site 
costs but generates off-site costs that affect the whole of society. Natural capital, such as soil, water, 
atmosphere or biota is not only the basis for producing goods with a market value (e.g. crops and 
livestock) but also generates further essential ecosystem services (e.g. climate regulation and clean 
water). The concept of integrated natural resource management (INRM) aimed to develop 
interventions targeted at restoring landscapes and a much wider range of ecosystem services (Izac 
2000). At the same time, the concept of sustainable land management (SLM) was developed and 
encompasses a wide range of interventions, including those that fall under soil and water 
conservation (SWC), which are aimed at improving agricultural productivity, improving people’s 
livelihoods and improving ecosystems. 
In a strict sense, integrated soil fertility management (ISFM) is INRM with a focus on soil fertility and 
a field scale. ISFM also recognized the importance of social, cultural and economic aspects that 
shape soil fertility management practices. Current interest in ISFM results from widespread 
demonstration of the benefits of typical ISFM interventions (Zingore et al. 2007). ISFM had been 
identified by the Tropical Soil Biology and Fertility Programme (TSBF) quite early on as a key entry 
point for improving agronomic productivity and resource-use efficiency (TSBF 1984).  
With the intention to rekindle the idea of boosting agronomic production in Africa through increased 
use of external inputs (mineral fertilizer, improved crops) and linking farmers better to markets 
(Gary et al. 2008) in 2006 The Bill & Melinda Gates Foundation in partnership with the Rockefeller 
Foundation established the Alliance for a Green Revolution in Africa (AGRA) with its headquarters in 
Nairobi. In 2013, AGRA gave US$ 52 million in grants to research and learning institutions, small- to 
medium-sized agribusinesses and various NGOs (AGRA 2014). AGRA pursues three goals: to reduce 
food insecurity (by 50% in at least 20 countries by 2020), to increase incomes (double incomes of 20 
million smallholder families by 2020) and to put countries (at least 15 countries by 2020) on a 
pathway for attaining and sustaining a green revolution. AGRA’s soil health programme promotes 
the use and adoption of ISFM practices. 
First attempts to minimise the detrimental impact that soil disturbance and exposing bare soils can 
be dated back to the 1930s (Faulkner 1945). Conservation agriculture (CA) builds on these ideas of 
minimum tillage and residue retention. Initial trials in SSA were carried out in the 1970s in West 
Africa (Greenland 1975; Lal 1976a), though not yet coined CA then. Conservation agriculture kick-
started in the Americas and (somewhat later) in Australia in the 1970s and 1980s and since the early 
1990s it began to spread exponentially; at that time it also started to get the attention of some 
IARCs as well as FAO and CIRAD. Through consistent commitment and systematic research for 
development (R4D) by the IARCs that currently more than 100 million ha are under CA worldwide 
and are continuously increasing (Friedrich et al. 2012). However, CA does not yet have a notable 
foothold in place in SSA. The bulk of the land under CA is on larger farms in Argentina, Australia, 
Brazil, Canada, Paraguay and the United States of America. More recently, CA has been tested and 
adapted to the conditions of smallholder farmers in Africa and India. 
Organic agriculture is not a new invention. However, it has gained tremendous significance over the 
last decade, not only in developed countries, but also in SSA. It is a system that – as well as ISFM – 
aims at promoting efficient nutrient use. The emphasis however lies in maximizing (whole farm/ 
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system) nutrient and organic matter recycling and the exploitation of biological/agro-ecological 
mechanisms, employing crop rotations and leguminous species to maintain and build soil health. It 
deliberately renounces synthetic fertilizers, synthetic pesticides and performance stimulants (Meyer 
and Burger 2010). In 2011, 37 million ha were organic agricultural land, managed by 1.8 million 
farmers worldwide. Of this area, about one-third was located in developing and emerging countries 
(6.9 million ha in Latin America, 3.7 million ha in Asia, 1.1 million ha in Africa). Organic agriculture 
has the potential to develop natural resources, strengthen communities and improve human 
capacity, thus improving food security by addressing many different causal factors simultaneously 
(UNCTAD and UNEP 2008). However, there are limitations; it is only sustainable if nutrient losses 
(e.g. through exporting crops off-farm) are replenished by bringing back nutrients other than 
through synthetic fertilizers. This is a major challenge in SSA; addressing it, among others, would 
require building and closing rural-urban nutrient cycles. Organic agriculture has limitations with 
regard to addressing regional (micro-) nutrient deficiencies, i.e. “what is not there cannot be 
recycled.” It is also labour- and knowledge-intensive and the lack of the latter is often a limiting 
factor in the spread of organic production. 
Since the 1960s, IARCs research has focused almost solely on agricultural productivity and efficiency. 
Although a reduction in environmental degradation was one aim of most of this research, it is only 
since the mid-1990s that IARCs shifted their research emphasis from increasing productivity to 
research that considered natural resources and environmental concerns. In 1998, the CGIAR 
embraced a new vision focused on alleviating poverty and conserving the environment. This was 
primarily driven by new global environmental agreements and the fact that many other 
organisations had increased their focus on plant breeding and crop protection that had been the 
mainstay of the CGIAR. This new vision was built on the concept of sustainability that had been 
developing in the CGIAR during the 1980s and 1990s. This shift has brought renewed focus and 
constantly evolving terminology, to research focused on the sustainability of agricultural systems. 
Below we focus on soil and water conservation (SWC), integrated natural resource management 
(INRM) and sustainable land management (SLM). 
The more recent history of IARC’s soil research comprises the inclusion of remote sensing 
technologies for (digital) soil mapping, as well as proximal sensing (e.g. infrared spectroscopy) for 
rapid and cost-effective assessment of soil fertility at field level and for larger/regional-scale 
monitoring of soil and land degradation. The concept of Big Data is gaining momentum these days 
also in soil science. Together with constant progress in the field of computer-aided crop-soil 
simulation, these constitute powerful tools for analysing the impact of actual and potential soil 
conservation management practices, as well in targeting interventions for most effective impact.  
Last but not least, climate smart agriculture (CSA) has gained tremendous momentum in the last 2-3 
years, and there has been significant fund committed internationally to implement CSA large-scale 
around the globe. This trends and a few others will be describe in more detail in the following.  
Major trends in soil research  
2.1. Rationale 
This chapter looks at the involvement of the CGIAR in soil research, particularly in relation to its 
comparative advantage to conduct and lead strategic scientific research directed towards the 
compelling problems of poverty, hunger and a healthy environment. Based on CGIAR centres’ case 
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studies in literature, we provide major trends of soil research in SSA. The chapter also reviews 
positive outcomes from the best cases of soil research, as well as ongoing concerns and issues to 
consider in future planning. 
 
The choice of major trends and findings is somewhat subjective and additional trends could be 
added. Here we focus on trends that were most successful to date or those we believe have the best 
potential to support the mission of soil protection and rehabilitation for food security. 
2.2. Major trends and findings 
There are eight major trends that we believe merit a closer look: 
1. Green Revolution in Africa 
2. Organic matter management, ISFM, soil biology 
3. Conservation agriculture 
4. Agroforestry 
5. Soil water conservation, INRM and sustainable land management 
6. Eco-efficiency 
7. Soil organic carbon-sequestration, GHG emissions, climate-smart agriculture 
8. Emerging trends and tools in soil science 
Green Revolution (in Africa) 
i. Science 
Despite some criticism about its magnitude, sustainability and equity (Cullather 2010; Pingali 2012; 
The Guardian 2014), the Green Revolution in Asia by and large is seen as a tremendous success, 
tripling/quadrupling yields of staple crops such as wheat and rice, saving millions – some claim even 
billions – of people from starvation, providing food self-sufficiency and lifting people out of poverty. 
It thus seemed only logical to “recreate Borlaug’s magic in Africa”, as SSA is being struck by repeated 
food crises and chronic underperformance in terms of crop production and self-sufficiency. 
At the centre of the Green Revolution in Asia was a specific package of technologies:  nitrogen-
responsive, new, higher-yielding varieties of wheat, maize and rice, chemical fertilizers and 
irrigation. This helped to create a “springboard” out of poverty in Asia and provided the foundation 
for the broader economic and industrial development that has occurred in the last 20 years (World 
Bank 2005; Huang et al. 2006). The Green Revolution in Asia and associated economic development 
alone, however, was not able to eliminate poverty in its entireness - which it actually never strived 
to achieve in the first place. Of the approximate 702 million people that live below the poverty line 
of US$ 1.90 per day in 2015, still 32 % are found in South Asia2 (World Bank Group 2016). 
Per hectare yield increases in Africa for maize, wheat and rice have failed to match the pace seen in 
other regions. Thus, production surpluses in Asia and Latin America are the result of productivity 
increases while Africa’s production increases have been a result of increased land use. Intensification 
of production in current agricultural lands has been suggested as a key solution to the conflict 
between expanding agricultural production and conserving natural ecosystems (Smith et al. 2010; 
Phalan et al. 2011). 
                                                          
2 45% of the world's poor are found in Sub-Saharan Africa, 19% in East Asia and Pacific, and 5% in the rest of 
the world. 
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The “one size fits all” approach that has worked well for the vast, irrigated regions of Asia is not 
appropriate for the highly diverse, rainfed farming systems of Africa. There is a multitude of reasons 
why Africa’s agriculture is different from that of other regions of the world. Proponents of a Green 
Revolutions for Africa, above all, state that it is the lack of mineral fertilizer applied that hampers 
intensifying agriculture (AGRA 2013). Indeed, only very recently, there has been some humble 
success - in part through fertilizer subsidy programs - in increasing fertilizer consumption in some 
countries of SSA, such as Nigeria, Kenya, Malawi and Ethiopia. The majority of countries however 
consume far less than a mere 10 kg of mineral fertilizer per hectare and year, even though fertilizer 
has been promoted for some decades. 
Therefore, to move beyond the one-size-fits-all solution of the 1960ths and 70ths, institutions 
supporting a Green Revolution for Africa suggested a greater emphasis on farmers’ participation, 
local adaptation, strengthening national and local institutions and the building of agricultural value 
chains that enable farmers to generate profits from surplus production. Institutions for linking 
farmers to input and output markets should ensure that farmers have adequate, appropriate, 
affordable and timely inputs, as well as knowledge of appropriate agronomic practices and 
technology packages that enhance productivity in an environmentally sustainable way (AGRA 2013). 
Practical relevance 
The underlying rationale for a Green Revolution for Africa, is that the majority of SSA countries have 
agricultural-based economies; agriculture provides an effective means for both reducing poverty and 
accelerating economic growth. Evidence shows that agricultural growth reduces poverty by twice 
the rate of growth in non-agricultural sectors (Diao et al. 2007; World Bank 2007).  
So far so good. However, the current vision of a “Green Revolution for Africa” in fact has long 
abandoned the simplicity of Green Revolution as it had been conveyed during its early days. In other 
words, simply to “recreate Borlaug’s magic in Africa” has failed. Instead much more adaptive, 
complex and sustainable solutions have been brought forward. As Henao and Baanante (2006) and 
Bationo et al. (2006) noted: a Green Revolution for Africa should be one that “will exploit a mosaic of 
approaches and solutions, including conservation farming, minimum tillage, judicious use of inputs, 
with a goal to tap Africa’s great diversity – human, cultural, dietary, biological, climatic and 
environmental – to ensure productive farming and livelihood systems”. This can be done by focusing 
on overcoming nutrient mining and maintaining the physical, biological and chemical integrity of the 
soil. Global initiatives should enhance small-scale farmers’ access to organic and inorganic fertilizer. 
Key to these actions is capacity building and training of farmers in the appropriate use of inorganic 
and organic fertilizers, with a focus on maximizing nutrient use efficiency while maintaining soil 
health. Data on soil health, crop nutrients, water management and reliable annual estimates of crop 
and animal production is required to substantiate these goals and progress with hard facts. It is 
somewhat a philosophical questions, if such comprehensive plan still should be called Green 
Revolution, if the latter actually implies a simplistic one-fits-all solution. 
Organic matter management, soil biology, integrated nutrient and soil fertility management 
i. Science 
The majority of soils of the tropics are inherently infertile. Organic matter makes a vital contribution 
to soil fertility and system sustainability through regulation of numerous environmental constraints 
to crop productivity. Mineralisation of decomposing residues is a major source of plant nutrients in 
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highly weathered soils with little inherent mineral fertility (Sanchez et al. 1989). Soil organic matter 
improves soil aggregation (Oades 1984; Bationo et al. 2008; Sahrawat et al. 2010), reduces erosion, 
enhances nutrient use efficiency (Woomer and Ingram 1990; Cassman 1999) and promotes 
rainwater infiltration and soil water-holding capacity (Lal 1986; Lavelle 1988; Bossio et al. 2007). 
However, inappropriate land use (Follett and Schimel 1989; Srivastava and Singh 1989; Den 
Biggelaar et al. 2004a, 2004b; Montgomery 2007; Sahrawat et al. 2010) has significantly contributed 
to soil degradation through soil organic matter loss in both temperate regions (Cole et al. 1987; Post 
and Mann 1990; Pathak et al. 2005; Poch and Martinez-Casanovas 2002; Sahrawat et al. 2010) and 
the tropics (Nye and Greenland 1960; Ayanaba et al. 1976; Ayodele 1986).  
In the tropics, the availability of organic resources as nutrients sources is limited by their alternative 
uses as fuel, feed and fibre, especially in drier areas where overall biomass production is low, and 
the labour required to collect and process this materials. In addition, the rapid rate of decomposition 
in a moist, warm climate could create an asynchrony between nutrient release and crop demand 
(Myers et al. 1994), suggesting that the timing and placement of organic resources must be carefully 
elaborated. This, coupled with the low nutrient concentrations of available organic resources 
(Vanlauwe et al. 2006) limits their potential to improve crop yields when they are used as the sole 
source of nutrients.  
To facilitate improved use  of organic resources in tropical soil fertility management, the Tropical Soil 
Biology and Fertility (TSBF) Institute of CIAT characterized the nutrient contents of a wide range of 
farmer available organic resources and developed the organic resource database (ORD) and related 
decision-support system (DSS) for organic material (OM) management (Palm et al. 2001). This tool 
helps in making practical recommendations for appropriate use of OMs, based on their nitrogen (N), 
polyphenol and lignin contents. Materials with less N and higher lignin and polyphenol contents will 
release fewer nutrients due to microbial immobilisation and chemical binding. Systems relying on 
such organic resources thus require supplementary fertilizer or higher quality organic resources to 
release nutrients at levels to meet crop requirements. This diagnostic approach has been translated 
into a more farmer-friendly version by replacing chemical analysis with characteristics that include 
colours (green versus brown), taste (mild versus astringent) and physical integrity (crumbly versus 
fibrous or solid) (Palm et al. 2001). The decision support system (DSS) recognizes the need for 
certain organic resources to be applied together with mineral inputs consistent with the second 
paradigm. However, although this is a relevant tool in light of both second and ISFM paradigms, the 
tool is has not been updated for some time and currently is unavailable online. 
The ISFM paradigm acknowledges the need for organic and mineral inputs to sustain soil health and 
crop production (Buresh et al. 1997; Nhamo 2001; Vanlauwe et al. 2002a, 2002b). One key 
complementarity is that organic resources enhance the soil organic matter status and the functions 
it supports, while mineral inputs are targeted to key limiting nutrients. By increasing the awareness 
of the variety of options available and how they may complement or substitute for one another, 
ISFM has gained rapid acceptance by development and extension programmes in SSA and, most 
importantly, by smallholder farmers. The combined application of fertilizer and organic resources 
also gained impetus (Vanlauwe et al. 2001c), because of (i) the failure of Green Revolution-like 
interventions in SSA; and (ii) the lack of adoption of low-external-input technologies by smallholder 
farmers. 
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Among the most promising organically based soil nutrient practices are: application of animal 
manure or compost, incorporation of crop residues, natural fallowing, improved fallows, relay or 
intercropping of legumes (and dual purpose legumes) and biomass transfer. Emerging evidence from 
across Africa points to widespread use of organic inputs, sometimes in conjunction with mineral 
fertilizers (Kelly et al. 2002; Mekuria and Waddington 2002; Place et al. 2002; Shapiro and Sanders 
2002). However, the amounts of organic inputs produced and applied are limited due to high 
opportunity costs of labour and land. The availability of organic resources within farms (mainly as 
crop residues and/or farmyard manure) can be improved by diversifying farming systems (mainly 
with legumes). Under the biophysical and socio-economic conditions prevailing in SSA, the combined 
application of fertilizer and organic inputs is relevant because (i) both fertilizer and organic inputs 
are often in short supply in smallholder farming systems due to limited affordability and/or 
accessibility; (ii) both inputs contain varying combinations of nutrients and/or carbon, thus 
addressing different soil fertility-related constraints; and (iii) extra crop produce can often be 
observed due to positive interactions between fertilizer and organic inputs (Vanlauwe et al. 2001a, 
b, ; 2002a , b). 
ISFM technologies capable of delivering rapid benefits to large number of farmers in SSA include: 
fertilizer micro-dosing, dual purpose grain legume-cereal rotations with fertilizer targeted at 
different phases of the rotation, improved cereal legume intercrops with adjustment in row 
arrangement and legume inoculation. The greatest strength of ISFM is its ability to integrate local 
suitability, economic profitability, adoptability and sustainability in developing improved land 
management recommendations.  
Practical relevance 
Current economic conditions such as subsidy removal, exchange rate devaluation and high inflation 
are not conducive to promoting the use of external inputs for smallholder farmers (Heisey and 
Mwangi 1996; Druilhe and Barreiro-Hurlé 2012). Adding organic fertilizer inputs, including animal 
manures, green manures, crop residues and agroforestry leguminous pruning, is an important way 
of improving soil fertility. The role of manures and plant residues in nutrient supply, promotion of 
soil aggregation and nutrient buffering capacity in highly weathered soils is well documented (Brown 
et al. 1994; Lal 2006; Batiano et al. 2007; Omotayo and Chukwuka 2009). However, the use of 
organic materials to increase the carbon reserves of soil under tropical conditions may require large 
amounts of annual additions. Janssen (1993), for instances, estimated that 7–10 t ha-1 yr-1 organic 
material would be required to maintain a 1.0% soil organic carbon level in the sub-humid tropics of 
Zimbabwe. However, typical biomass production from agroforestry species is only 2–4 t ha-1 yr-1. 
Thus it is difficult to produce adequate organic material under smallholder farm conditions to build 
or maintain soil organic matter. Given the widespread demonstration of the benefits of ISFM 
interventions at plot scale, including the combined use of organic manure and mineral fertilizers 
(Zingore et al. 2007), dual purpose legume-cereal rotations (Sanginga et al. 2003), or micro-dosing of 
fertilizer and manure for cereals in semi-arid areas (Tabo et al. 2007), there is need to scale-out 
successful ISFM technologies to small-scale farmers in SSA.  
Purely organic approaches are often not sufficient to address the SSA soil fertility problem due to 
lack of attractiveness and resources to sustain an “organic paradigm” especially on soils with 
inherently low fertility, although pockets of successful organic production with linkage to markets 
are emerging even in Africa. Often these markets are urban, such a for organic meat and vegetables 
in Nairobi, and export of organic vegetables to Europe. After abandoning the external input 
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paradigm, significant experimentation shifted to low-input methods that prioritized biological 
techniques to replenish soil fertility, such as alley farming with leguminous trees whose cuttings 
were used to incorporate nitrogen into the system; improved fallows with leguminous trees; animal 
manure and composting; and biomass transfer. However, adoption rarely occurred after research 
interventions ended. This is because “low-input” methods are also characterized as “low output” 
systems due to the low quantity and quality of nutrient provision. In addition, these methods are 
labour and land intensive and require farmers to dedicate resources to producing and retaining 
biomass other than staple and cash crops. This has necessitated a change of focus to ISFM-based 
cropping practices, based on scientific evidence that fertilizers are most effective and efficient in the 
presence of soil organic matter. 
Conservation agriculture 
i. Science 
Conservation agriculture (CA) intends to combine – as the name implies – conservation of the 
natural resource base and agriculture. It builds on three principles: minimum soil disturbance 
through zero tillage, crop residue management to retain as much residue on the soil surface as 
possible and crop rotation and diversification. 
Currently, worldwide more than 100 million ha are under CA and this trend is increasing (Friedrich et 
al. 2012). However, CA is mainly been practiced on large farms. The bulk of land under CA is in 
Argentina, Australia, Brazil, Canada, Paraguay and the United States of America. More recently, CA 
has been tested and adapted to the conditions of smallholder farmers in Africa and India. 
Searching available literature for the keywords ‘conservation agriculture and tropics’ yielded 334 
hits.3 About 90% of these studies were published after 2006 (Figure 1). Less than 13%, a total of 43 
papers, explicitly addressed SSA, while a notable 11% (38) targeted India. This is in line with a recent 
review of CA carried out by Corbeels et al. (2014); they used 41 papers, representing 61 independent 
studies, in order to conduct a meta-analysis of the effectiveness of CA in SSA. 
 
Figure 1. Judging from the number of scientific studies published, conservation agriculture in the tropics is a 
more recent trend. 
                                                          
3 using ScienceDirect search engine (http://www.sciencedirect.com/science/search) 
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Major drivers for the adoption of CA on large farms are fuel reduction (Pratibha et al. 2015), 
labour/time saving and reduced soil erosion compared to conventional (tillage-based) agriculture 
(Merten and Minella 2013). The benefit of CA systems in terms of mitigating the impact of droughts 
by earlier sowing and better water use has been a reason for their adoption in the dry areas of 
Australia and more recently in West Asia (Sommer et al. 2012; Richards et al. 2014; Piggin et al. 
2015). 
Yield increases as well as increases in yield stability of CA in comparison to conventional systems 
have been observed in smallholder agricultural systems – e.g. in Southern Africa (Thierfelder et al. 
2015) or SSA (Corbeels et al. 2014) – but challenges with CA have also been reported (Rusinamhodzi 
et al. 2011; Brouder and Gomez-Macpherson 2014; Homann-Kee Tui et al. 2014; Pittelkow et al. 
2014; Rusinamhodzi 2015). Thus, yield increases in response to CA alone may not serve as the chief 
argument for promotion of its adoption. 
The pronounced benefits in terms of conserving as well as physically protecting soils and enhancing 
soil fertility make CA a promising technology for sustainable agricultural intensification; this is 
documented by numerous publications worldwide (see e.g. Hobbs et al. 2008). These beneficial 
effects can largely be attributed to an increase in soil organic matter in the topsoil layer – often 
limited to the top 5 to 10 cm and accompanied by relative losses at deeper depths – in response to 
the retention of surface residues (Dalal et al. 2011, Valbuena et al. 2012), lower soil surface 
temperatures (Sommer et al. 2007) and as a consequence, improved soil health, water infiltration 
and reduced erosion (Thierfelder et al. 2012). 
Whether CA systems contribute to mitigating climate change by sequestering carbon in the soil is 
currently the subject of debate (Paul et al. 2013; Powlson et al. 2014). If there is such net 
sequestration, the effect could be offset by an increase in nitrous oxide (N2O) emissions – a very 
potent GHG (Li et al. 2005; Lenka and Lal 2013; Sommer et al. 2015). 
ii. Practical relevance 
CA is a knowledge-intensive system that includes the knowledge of how (and when) to plant seeds in 
an untilled soil and associated usage of suitable machinery, the appropriate application of chemical 
inputs and levels of surface residues, as well as how to address emerging problems such as 
potentially increased levels of weeds and new pathogens etc. 
Additionally CA requires farmers to shift paradigms, especially when a neatly tilled soil traditionally 
plays a big role in “being a good farmer”, or simply in maintaining/securing land rights. 
As opposed to large, mechanized farms, the labour demand for non-mechanized smallholder farms 
could substantially increase under CA, especially when manual weeding and not herbicide 
application – very common in CA – is needed, or when residues to cover the soil surface are brought 
in from elsewhere (Ndlovu et al. 2014; Nyamangara et al. 2014). 
Furthermore, for quite some time, CA has been advocated as a package that should be adopted all at 
once (Knowler and Bradshaw 2007), although crop rotation and residue retention certainly merit 
being tested and adopted one at a time. CA, however, seems doomed when minimum tillage is 
practiced without surface residue retention, resulting in soil surface crusting/sealing, soil 
compaction and subsequent poor soil water infiltration and increased surface water runoff. Such, 
however, unfortunately seems to be the most logical first choice of a farmer trying out CA 
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components individually. Thus, the adoption of CA – as advocated by Sommer et al. (2013) in an 
attempt to unite ISFM and CA (then coined as ISFM+) – must not occur in an arbitrary fashion, but in 
steps, with minimum tillage at the end. Eventually, in order to achieve yield benefit, all three pillars 
should be implemented (Corbeels et al. 2014; Pittelkow et al. 2014). 
Access to markets for selling surplus production or to purchase inputs such as seeds, herbicides and 
mineral fertilizers is a second obstacle to the successful adoption of CA. There is evidence that not 
disturbing the soil reduces the decomposition of organic matter and the release of crop nutrients. 
With the desired increase in biological activity and abundance of soil microbes, such nutrients could 
then also become temporarily unavailable to uptake by crops; this increases the need to apply 
(more) inorganic fertilizers, which smallholder farmers may not be in the financial position to do. 
There have also been cases reported where such type of agricultural intensification turned out to be 
financially unprofitable for poorer households (Ricker-Gilbert and Jayne 2012). 
Eventually, probably the biggest challenge is the availability of plant residues for soil surface 
retention, especially in semi-arid regions where biomass production is low. Competition for and 
scarcity of, organic matter in resource-constrained smallholder farming systems has been somewhat 
overlooked in the early days of introduction of CA to SSA, but has gained significant attention more 
recently, documented by a number of studies tackling the issue (Lahmar et al. 2012; Jaleta et al. 
2013; Baudron et al. 2014; Bhan and Behera 2014; Homann-Kee Tui et al. 2014). Studies on the 
benefits of investing in soil conservation and increasing soil fertility by retaining plant residues 
suggest that hoarding rather than using (soil) organic matter (Janzen 2006) is not a clear-cut, obvious 
decision; using organic matter e.g. for livestock feed may be more lucrative at least in the short-term 
and doing otherwise is effectively “burying resources in the ground”. 
Emerging from this debate is an emphasis on examining whole farm dynamics, e.g. by using 
simulation tools that allow for multi-criteria optimization (Groot et al. 2007), as well as testing CA 
practices in a participatory manner together with smallholders, among others, using a stepwise 
approach (CIMMYT 2013), which elsewhere had been termed “ISFM+”. There is also a renewed 
debate about payment for environmental services (PES) and the value of ecosystem services that CA 
may support, maintain or generate (Palm et al. 2014). 
In conclusion, CA has been proven as a smart way of sustaining intensified agricultural production in 
a multitude of studies and regions outside and inside SSA. It, to some extent, fulfils the criteria of 
eco-efficiency and climate-smart agriculture (see respective chapter for details). However, it has its 
bottlenecks and limitations and is far from constituting a “panacea for the problems of poor 
agricultural productivity and soil degradation in sub-Saharan Africa”, as some scientists thought it 
was (Giller et al. 2009). To stimulate adoption of CA by farmers may require, at least initially, putting 
forward incentives (e.g. payment for environmental services [PES]) or facilitation of access to 
knowledge, credits, inputs, markets and, if applicable, machinery. 
Agroforestry 
i. Science 
Globally, farmers have traditionally practiced agroforestry, the inclusion of woody perennials (trees, 
shrubs, palms, bamboos, etc.) within farming systems with some knowledge of its benefits. For 
example, in the Sahelian and Sudanese regions of Africa,  Faidherbia albida has always been retained 
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in crop fields in “parkland systems” in acknowledgement of the benefits it brings through “reverse 
leaf phenology” (Roupsard et al. 1999). This process forces the tree to go dormant and shed its 
nitrogen-rich leaves during the early rainy season, when seeds are being planted and need the 
nitrogen and then to regrow its leaves when the dry season begins and the crops are dormant. The 
scientific recognition of the benefits of trees in agricultural systems began in the late 1940s, while 
the dedicated study of agroforestry as a scientific discipline emerged in the 1970s (Young 1989). Two 
landmarks in the field include symposia (1979 and 1984) held by The World Agroforestry Centre 
(ICRAF), launching the agroforestry research and the study of soil productivity aspects of 
agroforestry we draw upon today (Young 1989). After 40 years of systematic study, agroforestry is 
also promoted as an important livelihood and sustainable land management option for smallholder 
farmers (Young 1989; Zomer et al. 2014).  
Agroforestry systems are diverse and range widely from subsistence livestock and pastoral systems 
to home gardens and fertilizer tree systems (including alley cropping), all within a variety of social 
and agro-ecological contexts (Schroth and Sinclair 2003; Zomer et al. 2009; Zomer et al. 2014). 
Recent remote sensing studies show that from 2000 to 2010, agroforestry appears to increase in 
land area4 and in the number of people involved and remains a significant feature of agriculture 
across the world (Zomer et al. 2014). Agroforestry currently represents over 1 billion ha of land and 
more than 900 million people (Zomer et al. 2014).  
The fundamental assumption in agroforestry is that the integration of trees into farming systems 
and landscapes can increase soil fertility, productivity and sustainability (Schroth and Sinclair 2003; 
Van Noordwijk et al. 2015). Soil research has been a prominent part of the agroforestry research 
agenda from the start of ICRAF in 1978 (Van Noordwijk et al. 2015). Trees in agricultural systems can 
prevent soil erosion, improve soil biodiversity, suppress weeds, improve soil structure, increase soil 
carbon stocks and enhance soil fertility (Schroth and Sinclair 2003; Takimoto et al. 2008; Pumariño et 
al. 2015; Van Noordwijk et al. 2015) in addition to providing other ecosystem services (Jose 2009; 
Sinare and Gordon 2015). For example, farmers in Eastern and Southern Africa may use short-term 
planted fallows with leguminous trees (such as Leucaena, Sesbania, Calliandra, Tephrosia) to 
regenerate the fertility of their soils and to substitute mineral nitrogen fertilizer, with the added co-
benefit that these trees may also produce valuable animal fodder, fuelwood, fruits and timber, often 
relieving pressure on natural forests (Schroth and Sinclair 2003; Minang et al. 2014). 
The following three examples below illustrate trends in agroforestry systems and their impacts on 
soil health and fertility. 
Alley cropping: During the 1980s and early 1990s, alley cropping was developed and tested as a 
method of restoring soil fertility (Steppler and Nair 1987). Under alley cropping, food crops are 
grown between hedges of trees (preferably nitrogen fixing) which are cut back regularly to minimise 
tree–crop competition, with the prunings added as green manure or mulch to crops to improve soil 
fertility. Nitrogen addition through the application of nutrient-rich organic mulch is the most 
important benefit in unfertilized alley cropping systems, but can vary widely depending on how 
much biomass trees yield and how fast this biomass decomposes, whether trees fix nitrogen and the 
management and site-specific factors (Nair 1993). Many studies demonstrate that alley cropping 
reduces erosion and has a positive impact on soil fertility, including soil carbon ( Nair 1993; Kang and 
                                                          
4 In sub-Saharan Africa, the study found an increase of 2% compared to 12.6% in South America, 6.7% in South 
Asia  
13 
Shannon 2001; Negash and Starr 2015). Early studies showed that alley cropping increased maize 
yields, in some cases by almost doubling them. Fertilizer has been shown to increase yields further 
and alley cropping with fertilizer is the most economically viable option compared to alley cropping 
alone or conventional (non-alley cropping) systems (Aihou et al. 1998).  
However, alley cropping can also result in yields that are the same or less than crops under no alley 
cropping (Nair 1993). This unpromising result has been attributed to shading, root competition, 
immobilization of nutrients due to decomposing mulch and the mulch impeding the emergence of 
crop seedlings (Gutteridge and Shelton 1994; Ong and Leakey 1999). Benefits can also take some 
time to accrue (Akyeampong and Hitimana 1996).).In moisture-stressed environments, alley 
cropping has also been shown to have negative impacts because trees grow faster than crops using 
available water and reducing crop yields (Ong and Leakey 1999). A number of studies conducted in 
the 1990s revealed that choosing appropriate alley crop species and spacing ratios was critically 
important. In general, alley cropping is likely to be less suitable for drier areas compared to humid 
and sub-humid areas. The quantity, quality and timing of application of the mulch is key to success. 
Other issues that have been raised include labour requirements (for planting, pruning and mulching), 
the loss of cropping area given over to trees and pest management problems.  
Slash-and-mulch agroforestry systems (SMAS): Alternatives to slash-and-burn5 agriculture systems 
cultivation and the use of fire to prepare land for planting have been developed and adapted 
throughout the world. One particularly exciting example is the Quesungual slash-and-mulch 
agroforestry system (QSMAS), originally promoted in the early 1990s by the Food and Agriculture 
Organization of the United Nations (FAO) with community-based organizations in Lempira 
department, Honduras as an alternative to slash-and-burn agriculture that was particularly suited to 
hillsides and steep slopes. The system includes various species of trees, many of them legumes, 
scattered across cropland at a density of up to 1,000 trees per hectare. The roots of the trees 
stabilized the hillsides, minimized soil erosion and improved nutrient uptake from deeper soil layers. 
Farmers regularly prune a majority of the trees and leave the cuttings on the field as mulch to 
provide nutrients, increase soil organic matter, improve soil structure and retain moisture (Fonte et 
al. 2010). This provides crops within these fields some protection from drought spells and heavy 
rains. These key principles are: (i) no slash and burn, by management (partial, selective and 
progressive slash-and-prune) of the natural vegetation; (ii) permanent soil cover by continual 
deposition of biomass from trees, shrubs and weeds and crop residues; (iii) minimal disturbance of 
soil by not tilling the soil, direct seeding and reduced soil disturbance during agronomic practices; 
and (iv) efficient use of fertilizer by appropriate application (timing, type, amount and location) of 
fertilizers (CIAT 2009b).  
Agro-silvo-pastoral systems (ASPS): Many agroforestry systems in the tropics have been adapted to 
include livestock and grazing and are known as agro-silvo–pastoral-based systems. Russo (1996) 
describes an agro-silvo-pastoral system as a land-use system with deliberate combination of trees or 
shrubs with cattle in the same site with the potential to be a model of production and conservation. 
CIAT has implemented these systems in Latin America to integrate improved crops, forages, 
multipurpose trees and management options for improved productivity, profitability and resilience.  
                                                          
5  shifting cultivation and the use of fire to prepare land for planting 
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ii. Practical relevance 
Agroforestry will continue to be a widespread land use globally as it provides many benefits to 
farmers. The practical use and recommendations depend on the context for each farmer and land 
manager. Consequently, improved agroforestry techniques must be matched with the fertility 
problems in context; for example, if a farm is deficient in nitrogen and phosphorous, leguminous 
trees can increase the availability of nitrogen through fixation, but phosphorous may have to be 
added from external sources (Schroth and Sinclair 2003).  
When considering adoption (or non-adoption) issues of access and rights to land, inputs and capital 
for long-term investments that may require several years for benefits or returns on investment, such 
as trees, must be understood and addressed (Akyeampong and Hitimana 1996; Mbow et al. 2014). 
An agroforestry technique not only has to be matched to the biophysical context of a farm, but also 
has to be compatible with the views, experiences, traditions and economic capacities of the farmers. 
Progress in agroforestry depends on an understanding of both the biophysical and socio-economic 
context of farming systems at a range of scales.  
Alley cropping: Although the promise of multiple benefits (i.e. improved soil fertility, food, fodder, 
timber etc.) makes alley cropping an attractive option, achieving all of these benefits without trade-
offs is a technical challenge and numerous factors need to be considered (Nair 1993). Alley cropping 
is not a substitute for fertilizer and high yields may only be achieved with fertilizer addition. Much of 
the debate surrounding alley cropping has come about because alley cropping is only suitable under 
certain conditions; there are a number of factors that hinder its adoption and to date; and there is a 
wide body of evidence on only a limited number of appropriate species, despite the large number of 
potential agroforestry species within SSA. The subject of alley cropping became so polarised in the 
1990s that research on the topic began to decline or was labelled under a different name – research 
on fertiliser trees still continues today (Ajayi et al. 2011). The practice has experienced a recent 
surge (2009–2010) in research because of the implications of alley cropping for increasing carbon in 
agricultural systems, as well as for intercropping biofuels with food crops. 
Slash and mulch agroforestry systems: Research indicates that SMAS technologies contribute to 
improving biodiversity and soil functioning by enhancing the cover of native vegetation (Ordonez 
Barragan 2004), increases in soil biological activity (Pauli et al. 2009; Fonte et al. 2010) and much 
more balanced nutrient flows compared to slash-and-burn systems (Sommer et al. 2004). The 
inclusion of trees and the maintenance of soil cover (by mulching of tree prunings and crop residues) 
has been shown to reduce erosion and increase water infiltration, storage and subsequent 
availability to crops (Rivera 2008). Furthermore, large-scale dissemination of SMAS and improved 
integration of alternative pest control options is likely to promote regional biodiversity due to 
increases in both on-farm diversity as well as enhanced connectivity between natural areas (Perfecto 
and Vandermeer 2010). 
Soil and water conservation, integrated natural resource management and sustainable land 
management 
   i.           Science 
Research on Soil Water Conservation (SWC) has been conducted since the early 20th century, but it 
was only in the 1980s that the CGIAR started investing in this research. Defined as “activities at the 
local level that maintain or enhance the productive capacity of the land in areas affected by, or 
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prone to, degradation” (WOCAT 2007), SWC practices cover a wide range of activities including soil 
fertility and crop management, soil erosion control measures and water harvesting. WOCAT 
categorise SWC practices into four types: (i) agronomic e.g. mulching, manure (ii) vegetative e.g. 
grass strips, agroforestry (iii) structural e.g. terraces or (iv) management e.g. leaving land fallow. 
These categories helped to identify the level of investment that a practice might require and the way 
in which it might help maintain soil properties or restore degraded land. According to Pagiola (1999), 
in 1996 about 17% of the CGIAR research budget was spent on soil and water conservation research. 
Of this research, 70% was focused on on-site impacts of SWC and the rest looked at community and 
watershed level impacts. 
The new emphasis on natural resources and the environment led to a new focus on INRM, which 
operated on the premise that farmers lives do not only take place within the boundaries of their 
farms and that they both rely on and impact the environment and natural resources around them. 
The INRM research and development approach aimed to combine the interconnected goals of 
poverty reduction, food security and environmental sustainability, requiring a shift in emphasis from 
the impact of on-farm management to management at watershed, landscape and regional levels. 
The definition of INRM has changed over time, as the approach has embraced new concepts such as 
those of ecosystem services and SLM. INRM has been defined as: “An approach that integrates 
research of different types of natural resources into stakeholder-driven processes of adaptive 
management and innovation to improve livelihoods, agro-ecosystems resilience, agriculture 
productivity and environmental services at community, eco-regional and global scales of 
intervention and impact” (Thomas 2002). INRM may incorporate SLM which are practices relating to 
management of soil, water, vegetation and land systems – this includes many SWC practices. SLM 
has enlarged the focus of SWC – from a major focus on the biophysical benefits of practices on soil 
and water to “a form of land management that is targeted towards improving or stabilising 
agricultural productivity, improving people’s livelihoods and improving ecosystems” (Schwilch et al. 
2012). Many of the practices involved are still the same. SLM interventions “seek to combine and 
optimise the ecological, technical, institutional, socio-cultural, economic and scientific aspects of 
land management in response to land degradation” (Schwilch et al. 2012). 
Since the 1980s, research in SSA has and continues to demonstrate that numerous SWC and SLM 
practices increase yields in the major staple crops in SSA, such as maize (Meliyo et al. 2007, 
Mtambanengwe et al. 2007), beans (Akyeampong and Hitimana 1996, Gichangi et al. 2007), millet 
(Sangaré et al. 2002, Fatondji et al. 2006),  sorghum (Mando et al. 2005, Kabanza and Rwehumbiza 
2007) and sweet potato (Chuma et al. 2006). There have also been limited studies on the impact of 
certain SLM practices on soil erosion and run-off, where it has been demonstrated that SLM can 
reduce the impact of both (Lal 1976b, Kiepe 1996). Much research has assumed that improvements 
in soil properties are reflected in yields and so can be derived by measuring yields. However in the 
1990s, there was a shift in focus on solely measuring yields to also measuring the impacts of 
practices on soil properties (Nziguheba et al. 2005). This shift was important for increasing our 
understanding of the extent to which different practices can rehabilitate soil – i.e. the sustainability 
of practices (Zingore et al. 2007, Erkossa 2011). Long-term trials across SSA have also been 
invaluable in providing robust evidence on the benefits of different SLM practices on soil properties 
and yield (Kibunja et al. 2011, Bationo et al. 2012). Since fertilizers became widely available, there 
have also been numerous studies comparing the impacts of SLM practices implemented with and 
without fertilizer. Often, a combination of organic amendments and fertilizer show a greater 
increase in yields versus using either alone. However, mineral fertilizer used without addition of 
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organic amendments has been shown to negatively impact soil properties over time (Kapkiyai et al. 
1999). Meta-analyses have been useful in determining common patterns (Sileshi et al. 2008). For 
example, using data from across West Africa, Bayala et al. (2012) showed positive benefits on crop 
yield (maize, millet and sorghum) for six SLM practices. They also demonstrated that different 
practices were most beneficial under different rainfall regimes.  
There is now a wide body of evidence on the biophysical on-site impacts of SWC and SLM, but this 
evidence is scattered throughout the literature, making it difficult to assess the true extent of the 
evidence base. In general, there is far more data on yield and soil properties available for agronomic 
and vegetative SLM practices from research and farmer trials compared to structural and 
management SLM practices. 
Recognition that ecosystems provide benefits (ecosystem services) that contribute to human well-
being has allowed for the incorporation of a much wider range of benefits, such as carbon 
sequestration, water quality regulation, etc. into assessments of SLM (including SWC) and INRM. The 
ecosystem services concept aims to support the development of INRM and SLM (Balvanera et al. 
2012). Quantifying and valuing off-site and on-site benefits of SLM not only increases the measured 
value of SLM, but can be used to identify where to invest to reduce off-site costs of land 
degradation, as well as highlight who benefits from SLM and who bears the financial costs of 
implementation. Over the past 20 years, a number of SLM programmes have started to embrace 
these research themes within CGIAR. Most notably, the global CGIAR Challenge Program on Water 
and Food (CPWF) and subsequent Water, Land and Ecosystems Program (WLE) incorporated these 
themes into their research. Within their Nile River Basin site, CPWF developed tools to help plan and 
target INRM interventions based on ecological principles as well as human needs. This approach 
should lead to a more comprehensive understanding of the trade-offs involved in managing land 
sustainably, providing more concrete evidence to inform decision-making (although Laurans et al. 
(2013) make the point that currently many ecosystem service assessments are supply driven with 
little evidence of how they have influenced management and policy). It may also be crucial to garner 
higher level support for cost-effective SLM design and sustain momentum for SLM incentive 
programmes  (Branca et al. 2011, Fremier et al. 2013). 
Application of the ecosystem services concept into INRM and SLM programmes was accompanied by 
a shift in thinking that if land management initiatives were to ultimately result in sustainable farming 
systems, managing food, water and energy at the landscape level is key (Sayer et al. 2013). 
Landscapes contain many different resource niches, resource users and institutions. They are 
connected to other landscapes through both biophysical and social dynamics. These multiple scales 
of connectivity (between institutions and social processes) have an impact on individual land users’ 
decisions regarding SWC. Additionally, depending on their position within a landscape, households 
will have access to different areas and resources that will in turn impact their on-site management 
decisions (Snyder and Cullen 2014). Further, through social networks, land users can access 
resources (land, labour, livestock, inputs) from others within and outside of their landscape, which 
shapes the choices they make and the opportunities available to them. Planning and managing at a 
landscape scale presents additional institutional and social challenges concerning governance and 
collective action, especially when addressing conflicts and trade-offs that may arise between 
different land users and land uses, as well as different government sectors across broader scales 
(Cordingley et al. 2015). For this reason, the emphasis of SLM research within CGIAR still appears to 
be focused on identifying the on-site costs and benefits of SLM and SWC practices.  
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Many SWC programmes are not leading to widespread adoption of SLM and the area of degraded 
land is increasing. Pretty and Shah (1997) provide a detailed account of the history of SWC in the 
USA, SSA and Asia. The overarching premise behind many SLM programmes has been that farmers 
should adapt to practices rather than the other way around (Cordingley et al. 2015). Evidence 
suggests that adoption of SWC by smallholder farmers in SSA is constrained by an array of ecological, 
social, economic and political factors specific to the context within which they are farming (Bisaro et 
al. 2011). A focus on the biophysical problems associated with land degradation and a lack of 
emphasis on context in the past has meant innovations in SLM have often failed because farmers did 
not adopt them (Snyder and Cullen 2014). Often the very same factors that drive land degradation 
prohibit the uptake of SLM practices (Shiferaw et al. 2009). Poverty, resulting in lack of capital for 
investment, insecure land tenure, limited extension services and infrastructure, volatile or unreliable 
market prices for agricultural products and inputs, lack of access to credit and labour, are all social 
factors that can inhibit SLM adoption. Biophysical factors such as poor soil fertility, pests and erratic 
rainfall (Ajayi et al. 2007, Adimassu et al. 2012, Teklewold et al. 2013, Kassie et al. 2015) also play a 
part in its adoption. For some SLM practices, there is now a much wider body of evidence on the 
drivers of adoption and non-adoption, than on the biophysical impacts they have on factors such as 
yield and soil properties. 
    ii.           Practical relevance 
One reason for low adoption in the past has been the focus, until recently, on short-term responses 
aimed at reversing the observable problems of land degradation, such as soil erosion, rather than 
responses aimed at addressing both the observable problems and the underlying range of social, 
economic and political factors that drive land degradation (Andersson et al. 2011, Cordingley et al. 
2015). Designing SLM practices that are adaptable to the context is key, as is addressing the drivers 
of degradation. Clearly, SLM practices that do not require considerable resources, are relatively easy 
to implement and are suited to local conditions are more likely to be adopted (Snapp et al. 2013). 
Incentives to encourage adoption should be considered for SLM practices that are resource 
demanding, difficult to implement and whose costs are high. Evidence suggests there is little 
spillover of resource demanding SLM practices from areas where SLM initiatives have made 
considerable investments to promote them. Across SSA, spontaneous adoption of SLM practices has 
been shown to occur for those practices that result in the most economic gains – in other words, for 
farmers the benefits of SLM must outweigh the costs of implementing it (Vanlauwe and Giller 2006, 
Requier-Desjardins et al. 2011). Equally important is the number, type and timing of benefits 
(McDonagh et al. 2014). However, benefits need to be defined quite broadly and as more than 
simply monetary income (Emerton 2014). Farmers consider many other factors, for example food 
security, timing of cash earnings to meet peak demands and trade-offs involved in the allocation of 
on-farm resources (Vanlauwe and Giller 2006, Shiferaw et al. 2009). Labour availability is a major 
concern and depends on the health of people and competition with other income generating 
activities. Conflicts with off-farm work including the seasonal migration of labour force (often men) 
can be a major constraint for SLM. A recent study revealed that jointly managed plots are more likely 
to adopt SLM-related interventions than male-managed plots (Ndiritu et al. 2014). 
Different groups of land users across a landscape, such as men, women and youth, resource-poor 
versus resource-rich farmers, or farmers versus pastoralists, will have different needs, interests and 
challenges. Therefore, blanket recommendations are unlikely to serve this diversity well (Snyder and 
Cullen 2014). Numerous examples of local adaptations to adverse conditions support the need to 
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promote the design of differentiated practices (Milgroom and Giller 2013, McDonagh et al. 2014). 
Essentially, farmers’ motivations, goals and constraints must be well understood before rolling out 
any SLM intervention, to avoid it being rejected. Whilst individual recommendations for farmers are 
impractical (Tittonell et al. 2011), identifying methods to categorise patterns of agro-ecological and 
socio-economic variability for which certain SLM options will be suitable, or could be adapted, can 
be developed  (Reece et al. 2004, Giller et al. 2011, Getnet and MacAlister 2012). 
Strengthening institutions within agencies tasked with land management and agricultural 
development has been called for repeatedly over the last 20 years and remains one of the biggest 
challenges. Planning and implementing agencies often lack a multisectoral approach, which is 
particularly important in SLM where water, forests, livestock and agriculture and infrastructure such 
as roads all converge in the landscape. Institutional change also concerns issues related to markets 
(tariffs, taxes, licensing, etc.) and governance (devolving decision-making to lower levels, by-law 
development and enforcement, land tenure). In Ethiopia, research found considerable institutional 
challenges to SLM. Planning and implementation at district level, under pressure to meet national 
targets, deployed a top-down, often blanket approach to restoring landscapes that neither took into 
account the biophysical or social context. The emphasis was often more on quantity rather than the 
quality of the SLM interventions (Snyder et al. 2014). Institutional change requires not only 
identifying constraints, such as conflicting policies or lack of coordination in planning and 
implementation, but also identifying and strategically trying to change interactions among key 
actors, many of whom have vested interests in keeping these institutional constraints in place 
(Hounkonnou et al. 2012). Removing institutional barriers is likely to be much more cost-effective in 
addressing land degradation as opposed to focusing on individual SLM interventions (Shepherd et al. 
2015). However, there is little consensus on how this could be achieved. One of the biggest barriers 
to increasing SLM adoption is the longevity of SLM programmes. Often, successful programmes run 
over long time periods (10 years or more) which allows time (i) to properly identify the context; (ii) 
to develop, trial, test and adapt SLM practices; and (iii) for trust to develop between stakeholders. 
The evolution of terminology from SWC to INRM and SLM is only useful if it leads to changes in 
action on the ground. In general, research has shifted in the last 20 years to a much wider focus on 
the social and economic considerations that impact the adoption of SLM practices. A much wider 
number of participatory approaches are now available and employed in on-going programmes so 
that farmers, land users, researchers and decision makers can work together to find solutions to land 
degradation. Participatory processes, such as multi-stakeholder platforms, have also been useful for 
finding solutions amongst multiple stakeholders with different agendas. Consideration of ecosystem 
services provided within farms and the surrounding landscapes are facilitating planning aimed at 
more sustainable landscapes. One problem with all these approaches is how the outcome is 
monitored and evaluated, as the impact they have on the ground is often very difficult to quantify. 
In conclusion, whilst there is increasing evidence that SWC, SLM and INRM provide a wide range of 
benefits both on and off farm, low adoption of practices continues to be a major challenge. In fact, 
the discourse on low adoption of SLM has remained unchanged for over 20 years. It seems that 
whilst there is a wealth of knowledge on what needs to happen for SLM adoption to increase, there 
is only limited uptake of these suggestions because (i) action is lagging behind the discourse or (ii) 
the barriers that need to be removed are often too big for single SLM programmes and should be 
addressed at higher levels. Having said this, the increased focus on INRM, landscape scale 
management and ecosystem services is encouraging a much broader perspective and bringing 
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ecological management principles into management of agricultural land. This is likely to lead to 
greater resilience and sustainability in agricultural systems if it results in action on the ground. 
Eco-efficiency  
i. Science 
To keep pace with population growth and dietary change, food production will have to increase by 
70% by 2050 (Bruinsma 2009). Without doubt, potentials to increase crop production are high in 
Africa. But, even though 2001-2010 was perceived as a “decade of growth” in Africa, the agricultural 
sector’s growth has lagged behind national economic growth. This slow growth is an obstacle to 
regional poverty reduction, as agriculture underpins the livelihoods of over two-thirds of Africa’s 
poor (Diao et al. 2012). Sustainable intensification by eco-efficient agriculture is one of the major 
issues to be addressed (Pretty et al. 2011). 
 
Figure 2. Output–input relationships relating desired and undesired agricultural outputs to the level of 
resource supply of soil nitrogen (N).  
Source: Keating et al. (2011) 
Agricultural eco-efficiency is a rather new concept that focuses on increasing productivity while 
decreasing negative impacts on natural resources (CIAT 2009a). Similar to the World Commission on 
Environment and Development (WCED), delineation of the concept of sustainability (WCED 1987), 
approaches that merit the term eco-efficient must meet the economic, social and environmental 
needs of the rural poor. Eco-efficiency seeks to strive toward solutions that are competitive, 
profitable, sustainable and resilient in the face of a changing climate (Cassman and Daugherty 2012).  
In other words, an eco-efficient farmer would (have to) sacrifice crop as well as economic 
productivity, if this came at a significant increase of undesirable outputs, such as environmental 
pollution through increased nitrogen leaching into the groundwater and GHG emissions into the 
atmosphere (Figure 2). 
Currently, it is unlikely that crop production can be intensified in SSA without creating some damage 
to the environment. However, for SSA (and many other regions of the world), environmental 
standards and binding pollution thresholds for the agricultural sector – which would also apply to 
the concept of an eco-efficient agriculture – still largely remain to be formulated and agreed upon. 
As long as these are absent, trade-offs between productivity, social equity and the environmental 
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footprint have to be analysed and balanced against each other. As a consequence, rather than 
passing (or failing) a standardized eco-efficiency test, judging a considered agronomic practice eco-
efficient is within the discretion of the observer. Similar conditions apply to benefits to the 
environment, such as clean drinking water and mitigation of climate change and other ecosystem 
services that adoption of an eco-efficient land use could bring. 
ii. Practical relevance 
Without doubt, the concept of eco-efficiency is a noble, holistic approach that intends to address the 
entire set of pressing issues around agricultural intensification. Unlike climate-smart agriculture 
(CSA), it lacks the focus on climate change and is not very explicit in relation to whether it 
constitutes a viable exit strategy of smallholders out of poverty. 
As a relatively young approach, there have been just a few initiatives on the ground promoting and 
implementing eco-efficiency. Confusion over the various concepts and the notable overlap, such as 
eco-efficiency and climate smartness, or (though somewhat narrower in their goals) ISFM and CA, is 
also not conducive to inspiring larger initiatives. Furthermore, the eco-efficiency concept lacks the 
rigor, practical guidelines, concepts and recipes, like those produced for ISFM or CA.  
Given SSAs wide range of agro-ecosystems, diversity of farming systems and livelihood strategies, 
pathways of eco-efficient agricultural intensification are likely to differ between regions. If 
sustainable, eco-efficient agricultural management is to be adopted on a large scale, assessments of 
land health and the agro-economic drivers of land degradation can provide information for 
regionally adapted, improved management techniques (Vågen et al. 2012).  
Finally, it is unknown if eco-efficient production systems can meet the projected food production 
demands of the coming decades and if so, whether farmers are willing or could afford to “go eco-
efficient”, if this entailed a considerable loss of income. In the latter case, it may be worth looking 
into related costs for payments for environmental services (PES) and whether these can be covered 
by for example Clean Development Mechanisms (CDMs) or similar concepts. 
Soil organic carbon sequestration, GHG emissions and climate-smart agriculture (CSA) 
i. Science 
Maintaining soil organic carbon (SOC) content is seen as an important strategy for a well-functioning 
soil ecosystem (Schlesinger 1991; Palm et al. 2007; Lal 2010, Victoria et al. 2012). The UN Convention 
to Combat Desertification (UNCCD) and the UN Framework Convention on Climate Change (UNFCCC) 
both recognize that reduced SOC content can lead to land degradation and ultimately low land and 
agricultural productivity. While 70% of Africa’s population lives in rural areas and depends almost 
solely on agriculture, over half of Africa’s land is unsuitable for agriculture (Swift and Shepherd 
2007). Degradation of soil and water resources further exacerbates the situation (Verchot et al. 
2005; Vågen et al. 2012; Vågen et al. 2013). While studies that highlight management options for 
restoring SOC in agricultural soils exist (Lal 2004, 2007), restorations rates and potentials for specific 
land-cover types are still poorly understood. 
Pressing socio-ecological challenges facing society call for increased food production, more efficient 
use of resources and reduced land degradation. As agriculture is the mainstay of the global 
economy, there has been a rethinking of agronomic practices in the light of climate change. The 
concept of CSA is being readily embraced by scientists (Harvey et al. 2013) and funding agencies 
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(Grainger-Jones 2011) alike. FAO (2013) outlined three pillars of CSA: (i) sustainably increasing 
agricultural productivity and incomes; (ii) adapting and building resilience to climate change; and (iii) 
reducing and/or removing GHG emissions, where possible. In fact, FAO (2010) highlights that 
climate-smart practices already exist and could be implemented in developing country agricultural 
systems and that an ecosystem, landscape-scale approach is needed. An important component of 
CSA technologies include maintaining soil health and reducing land degradation, including increasing 
soil organic carbon stocks. 
In response, several initiatives have formed to support and promote the adoption of CSA 
technologies. For example the Global Alliance for CSA (GACSA) was launched in September 2014 at 
the UN Climate Summit.6 Currently, over 74 stakeholders have joined GACSA. The Africa CSA 
Alliance7 was formed in order to empower 6 million smallholder farmers across SSA by 2021. In West 
Africa, the West African Alliance for Climate-Smart Agriculture was launched in June 2015, which 
aims to support implementation of CSA across West Africa. 
The CGIAR Research Program on Climate Change, Agriculture and Food Security (CCAFS) is actively 
promoting CSA8 and has started to test CSA in so-called “climate-smart villages”, globally. In 
addition, new tools have been developed to assess CSA potential across landscapes (Mwongera et al. 
2014; Corner-Dolloff et al. 2015). 
ii. Practical relevance 
Currently, some SSA countries are developing CSA plans within their agriculture and climate change 
strategies, led by the Common Market for Eastern and Southern Africa (COMESA) in collaboration 
with CCAFS. For example, recent efforts in Kenya have brought together various stakeholders to 
identify opportunities for out-scaling CSA in smallholder systems (Chesterman and Neely 2015). 
Thus, there is a tremendous momentum and notable commitment of African Governments towards 
CSA. 
Turning soils into carbon sinks (carbon sequestration) is seen as a promising way of mitigating 
climate change. The only viable way of storing carbon in soils in notable quantities is by increasing 
the organic matter content.9 For the highly weathered and depleted soils of Africa, this means an 
increase in soil fertility as it is closely linked to the soil organic matter content. Thus, mitigating 
climate change through soil organic carbon sequestration – one of the pillars of CSA – (Sommer and 
Bossio 2014) is a win-win situation. However, as mentioned earlier, carbon sequestered in soils has 
to be seen as an investment, as the basis of carbon – organic matter – is often a scarce resource. Not 
using it, e.g. as livestock feed, but burying it, constitutes a real loss of a valuable resource and 
income, if it is not compensated for.  




9 Biochar, i.e. an inorganic form of carbon, has been suggested as a soil amendment to increase soil fertility 
(and soil C levels), but production costs and/or lack of availability of starting materials seem prohibitive.  
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Emerging trends and tools in soil science 
Big data and open data 
 
Source: Google 
The science of big data has stimulated a discussion about whether this concept could also be used to 
address agricultural, social and economic challenges facing developing countries, as well as the 
cautions around using such data (Simons Institute 2013). While the definition of big data can still be 
debated and discussed, it is less about how big the data is and more about the ability to search, 
access, aggregate and analyse these often disparate data sets in order to identify patterns and 
engage in scientific discovery (Boyd and Crawford 2012; Cukier and Mayer-Schönberger 2013). 
CGIAR has also engaged in the big data discussion and believes that making data open access is a 
critical step in developing big data to achieve impact which will improve the livelihoods of 
smallholder farmers. Further to sharing open access articles, CGIAR recognizes the importance of 
developing, organizing and sharing data sets (Gassner et al. 2013). 
CIAT has been proactive in the big data movement, particularly with the WorldClim spatial data set, 
which has global coverage (Hijmans et al. 2005). The wide availability of this data set has allowed for 
its inclusion into spatially explicit crop models such as EcoCrop (Ramirez et al. 2013) and DSSAT, 
among others. In essence, it is not just about creating big data, but about increasing its accessibility 
through the open access movement. 
In addition, CIAT has been working with site-specific agriculture in Latin America to combine 
agricultural production with digital soil mapping to better understand farming system productivity 
across various scales and agro-ecosystems.10  
This application of big data shows its use in addressing agricultural and food security issues facing 
smallholder farmers. Application of big data can also be used to inform GIZ projects and 
interventions, particularly for country practitioners. 
Digital soil mapping 
Traditionally, soil data is hard to collect, time-consuming and resource demanding. This situation 
leads to a lack of soil information, making it difficult to understand soil-human-environment 
relationships and to generate applicable solutions whether local, national, continental, or global 
scale (e.g. suitable land use, carbon cycling, nutrient status). Innovations and access to technology in 
                                                          
10 https://ccafs.cgiar.org/bigdata#.ViSRNCsbG19  
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the past few decades have allowed soil scientists to integrate most recent technologies (e.g. satellite 
images, digital elevation models and climate data) with soil data to provide detailed spatial soil 
information. 
This new paradigm drove the field of soil science through profound changes moving away from 
traditional, tacit knowledge based soil survey methods to new, digital soil mapping (DSM) 
approaches (Ashtekar and Owen 2013). Until a few years ago, most of soil sampling strategies and 
mapping worldwide were based only on manual methods centred on the relationships between soils 
and landscape. Using aerial photographs and soil-landscape relationships guided by forming factors 
(Jenny 1941), soil specialists used to determine soil variability and their boundaries and then to 
define sampling locations and map soil units. Both processes of sampling and mapping are time-
consuming, resource demanding and rely on the experience and ability of soil scientists to define the 
soil boundaries. Moreover, the maps produced are based on polygons that consider that spatial 
variation of soils only occurs at the boundaries of delineated polygons, thus, soil properties have 
uniform values within each soil polygon (Zhu et al. 1997). Although field experience shows us that 
abrupt changes of soils over space exist, more often this is gradual and continuous, unlike polygon-
based mapping (Zhu et al. 2001). 
DSM follows the same soil-forming relationships and introduces modern computational tools to 
process large data sets to better develop the relationships between soil attributes and legacy and 
environmental variables (Moore et al. 1993; McBratney et al. 2003). This paradigm shift has allowed 
soil scientists to work in areas as expansive as entire a countries or even global level as well as 
changing the characterization of soils from their traditional description/classification towards their 
functions (Pásztor 2007). Also, the maps produced are not polygon based anymore and a raster 
concept emerges, representing soil as continuum, as a more realistic way to determine soil 
variability in the landscape. 
A variety of mapping approaches can be used to generate accurate maps at high resolution 
depending on the availability of existing soil surveys, environmental data and point observations 
(Arrouays et al. 2014). The approaches range from linear regressions, geo-statistical analyses and 
kriging interpolation, hybrid methods (combining one or more approaches), knowledge-based and 
fuzzy logic and regression tree, among others (Moore et al. 1993; Odeh et al. 1995; Zhu et al. 2001; 
McBratney et al. 2003; Ashtekar et al. 2014). Although the main advantage of DSM compared with 
traditional soil mapping is the ability to capture soil variability as a continuum, other advantages 
such as: (i) quick map updates when new data is acquired; (ii) the inclusion of co-variables that drive 
soil differentiation such as soil forming factors (climate, organisms, relief, parent material and time); 
and (iii) the ability to determine uncertainties, make DSM even more attractive. 
Global initiatives such as GlobalSoilMap and Global Soil Partnership (GSP) have engaged in DSM to 
provide soil data and information responding to various users’ needs at global, regional, national and 
local scales. CIAT has contributed to these initiatives and in partnership with GSP/FAO, Brazilian 
Agricultural Research Corporation (EMBRAPA) and national institutions in Latin American countries 
(LAC) have developed the Soil Information System for Latin America – SISLAC (www.sislac.org). The 
first phase of SISLAC, led by CIAT, collected, standardized and stored soil profiles/point data and 
national polygon maps at scale of 1:1 million to be used to develop digital soil maps as well as 
support decision making at the region. CIAT scientists have tested the conditioned Latin Hypercube 
Sampling strategy (Minasny and McBratney 2006) that consider the spatial variability of 
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environmental variables to define sampling locations for DSM as well as developed knowledge-
based models to map soils with high spatial variability and limited resources/data and its 
uncertainties at Latin America (Ashtekar et al. 2014) to better target land management decisions.  
Infrared spectroscopy 
Infrared spectroscopy (IR) is a rapid and cost-efficient technology that is transforming soil analytics, 
as biophysical field surveys are no longer subjected to economic constraints incurred by traditional 
analytical methods (Aynekulu et al. 2011; Nocita et al. 2015). IR, specifically is the interaction of 
infrared light with matter and is sensitive to functional groups, which have specific chemical 
properties and bond types. An IR spectrum is a plot of measured infrared intensity versus 
wavelength of light. Therefore, an IR spectrum for a soil sample is a complex assessment of the 
various chemical and physical properties exhibited by the soil. In order to understand and predict 
specific soil properties, robust calibration models must be developed, using a large data set of 
samples that have IR spectra and associated wet chemistry data.  
CGIAR has been using IR in soil science since the mid 1990s. IR is a well-established methodology for 
predicting important soil properties, with the most success in predicting soil organic carbon  
(Shepherd and Walsh 2002; Madari et al. 2006; Reeves et al. 2006; Vågen et al. 2006; Brown 2007; 
Terhoeven-Urselmans et al. 2010; Nocita et al. 2015). More specifically, through large-scale projects, 
such as the CGIAR-led Africa Soil Information Service (AfSIS), large databases of both mid-infrared 
(MIR) and near-infrared (NIR) spectroscopy and reference data sets using rigorous standard 
operating procedures were created (Vågen et al. 2013). These systematic data sets allow for robust 
predictions of soil properties and the development of continental-scale maps of dynamic soil 
parameters (Vågen et al. 2015). Due to the high accuracy of the prediction models, the use of IR is 
becoming common practice and is now mainstreamed both within CGIAR and globally (Nocita et al. 
2015). However, not all soil chemical and physical properties can yet be predicted with the same 
level of accuracy. Especially rather dynamic soil chemical properties, such as the mineral nitrogen 
content of the soil,11 or the plant-extractable amount of phosphate – the exact amounts of which 
have a strong effect on crop growth and yield, are still a challenge to be detected with sufficient 
accuracy by IR and there have not been any convincing solutions published and well defended in this 
domain. 
Systematic field surveys 
In light of the big data movement and the need for whole-systems and landscape-scale approaches, 
new surveys methods are needed to holistically assess key land and soil health metrics. One such 
method that has been applied across CGIAR Research Programs over the last 10 years is the Land 
Degradation Surveillance Framework (LDSF), first developed at the World Agroforestry Centre.12  
This biophysical field methodology is designed to provide a biophysical baseline at landscape level 
and a monitoring and evaluation framework for assessing the processes of land degradation and the 
effectiveness of rehabilitation measures over time (Vågen et al. 2013). Since its initial development 
in 2005, CIAT scientists have contributed to further development of the LDSF by incorporating 
                                                          
11  ...not to be confounded with the total nitrogen content of the soil. Mineral N, i.e. mainly nitrate and 
ammonium, does only constitute a minor fraction of the total nitrogen in the soil. It is a product of microbially 
mediated decomposition of (N-containing) organic matter. 
12 http://landscapeportal.org/blog/2015/03/25/the-land-degradation-surveillance-framework-ldsf/ 
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modules on SOC stocks methodologies, among others. The LDSF was the mainstay of the Africa Soil 
Information Service  (AfSIS) project, led by CIAT (2009–2013) and is currently being used by the 
CGIAR Research Programs on Forest, Trees and Agroforestry and Climate Change, Agriculture and 
Food Security (CCAFS), as well as projects funded by USAID, IFAD, BMZ, among others. Using the 
LDSF, along with IR allows for landscape-scale assessments of SOC and land degradation risk factors 
(Vågen et al. 2013; Vågen et al. 2015; Winowiecki et al. 2015) in order to target land management 
interventions. 
3. Synthesis 
The trends in soil science described above are not necessarily listed in chronological order, but 
represent an element of learning and building upon the ideas, concepts, frameworks of one another 
in a general trajectory over the past 20 to 40 years (Figure 3).  
To briefly summarize the main points of each of these trends, we start with the Green Revolution in 
Africa, where the main emphasis was on inputs such as mineral fertilizer, improved varieties and 
irrigation. Integrated soil fertility management (ISFM) added a focus on organic and mineral soil 
amendments alongside intercropping and crop rotation. The idea of stepwise adoption of elements 
of the management approach is key to the philosophy of ISFM. Conservation agriculture builds on 
some of the previous elements, but adds a focus on the three pillars: (i) minimum soil disturbance; 
(ii) constant surface residue and (iii) crop rotation. Integrated natural resource management starts 
to take analysis and recommendations beyond the field level to the landscape level to include 
ecosystem service management and environmental impact and interactions with farming systems. 
INRM brings in multidisciplinary approaches and a focus on gender, social and political dynamics. 
Agroforestry incorporates a focus on woody perennials within the farming system, again beyond the 
field level and a focus on a range/diversity of integrated systems as well as the erosion prevention 
and enhanced fertility benefits from trees in agricultural landscapes. Eco-efficiency means to 
decrease the negative environmental impacts and address economic social, environmental 
sustainability and needs of the rural poor. Climate-smart agriculture views many issues through a 
lens of climate change and understanding the contribution of practices and approaches to the three 
pillars of: (i) food security, (ii) climate change adaptation and (iii) climate change mitigation. What 
this means for soils is a focus on agricultural productivity and incomes, as well as reducing GHG 
emissions and restoring soil carbon. 
The general trajectory of these trends is a move from research station and plot-level research and 
focus of the Green Revolution to embracing the complexities of conducting research on farmers’ 
fields, within diverse farming systems and exploring the community and landscape levels. The 
movement of soil research is toward addressing the farms and farmers within their broader 
biophysical, social and political landscape. Simultaneously, the research approaches are evolving 
beyond top-down dissemination of technologies of the Green Revolution in Africa and ISFM, for 
example, towards a focus on understanding farmer’s constraints and willingness to invest and 
innovation to adapt technologies as a core part of research questions. As the paradigms of research 
and development evolve, so do the tools to better understand the complex array of factors driving 
farmers’ land and soil management decisions. Participatory tools such as Evaluating Land 
Management Options (Emerton et al. 2015) are designed to better understand farmers’ preferences 
for different practices using participatory rapid assessment techniques to assess the economic costs, 
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benefits, motivations and enabling conditions that influence farmers’ uptake (or rejection) of land 
management practices.  
As new approaches became popularised and mainstreamed in the soil research community, they 
drew on various lessons learned from other established approaches. In a process of some evolution 
(not necessarily in chronological order or ranking) we distilled some of the challenges and lessons 




Figure 3. Trends in soil research with main thrusts of and key components of each trend.  
The trends are not in chronological order, but do show some elements of building upon, learning from or expanding upon 




Figure 4. Lessons learned across trends in soil research over time. 
  
The Green Revolution in Africa focused heavily on farm inputs, but did not necessarily address 
individual farmers’ access or understanding of how to best use those inputs. In many ways, this led 
to for example, negative environmental impacts of overuse of mineral fertilizers or a decrease in 
agro-biodiversity due to inappropriate and excessive herbicide and pesticide use. Some governments 
tried to address the issue of access to fertilizers by putting subsidies in place, which increased access 
for some individuals, but also had serious repercussions on agricultural budgets and ability to invest 
in other agricultural services (see Chapter 3 in Sommer et al. 2013 for further details). The top-down 
nature of the Green Revolution in Africa so far did not result in the widespread increases in yields as 
seen with the Green Revolution in Asia, as it was not adapted to local (social, political, economic) 
conditions and infrastructure.  
ISFM adapted the focus on mineral fertilizers to include balanced management of both organic and 
mineral inputs. However, the limitations of availability of and access to both organic (manure, 
compost, crop residue) and mineral inputs similarly affected the adoption of ISFM. Questions of 
input-use efficiency were also not necessarily addressed by ISFM techniques. The idea of a stepwise 
approach puts more control and focus on the farmer and his or her needs, but some top-down 
research and results remain part of the ISFM legacy. There is also limited data on the long-term 
impacts and sustainability of ISFM practices such as ensuring practices are not mining nutrients from 
the soil or contributing excess GHGs, as reported by Sommer et al. (2015). Issues of local suitability 
and adaptation were not necessarily incorporated into ISFM research and recommendations, which 
also affected the (non-) adoption we see today.  
Conservation agriculture (CA) faced a similar challenge to ISFM in the competition for organic matter 
(crop residues). It is also a system that is knowledge intensive, requiring a change in management of 
fields and initial investment of time and money that may not pay off in the short term. The package 
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approach of simultaneously implementing all three principles (minimum soil disturbance, crop 
residue management and crop rotation and diversification) is not necessarily appealing to farmers as 
it often represents a large shift in practices and potential risk. We recommend a potential step-wise 
approach to CA that allows farmers to slowly add new practices or in combination with ISFM (what 
we term ISFM+). Conservation agriculture also lacks an element of whole farm dynamics and farmer 
co-design and adaptation for locally appropriate practices. It does not always address the 
environmental or off-farm impacts of increased herbicide use, which is becoming part of the 
research and discussion of INRM.  
Agroforestry addresses an element of the complexity at the farm level through a focus on integrated 
tree, crop and/or livestock systems and provides opportunities for soil erosion protection and 
fertility enhancement. It also provides feasible alternatives to practices such as slash-and-burn that 
are no longer sustainable under current population and land availability constraints. However, land 
access and land tenure are often constraints to adoption of some agroforestry species and practices 
that reap long-term benefits and require upfront capital investments. Additionally, access to seeds, 
seedlings and nursery infrastructure and training are a vital component that is not always addressed 
in agroforestry interventions. We can also understand the trade-offs for managing technical and 
numerous factors and the need for locally appropriate species from the long-term research 
investment in the alley cropping initiative.  
INRM and SLM incorporate a perspective beyond the farm environment to include an understanding 
of off-farm impacts and interactions that many of other approaches do not. INRM research 
incorporates participatory approaches to better understand the underlying social, political and 
economic constraints to adoption. Additionally, expanded temporal scales are incorporated into the 
research including long-term versus short-term benefits. These multiple scales and participatory 
approaches add increased complexity; there are challenges in selecting and monitoring appropriate 
indicators to measure long-term benefits within short project cycles.  
Eco-efficiency attempts to address some of these complexities through analyzing trade-offs of whole 
farm dynamics. However, the challenge lies in the affordability and incentives for the rural poor to 
transition to eco-efficient practices that may come at a cost to their yields and income. Eco-
efficiency research also provides an opportunity for soil researchers to ask the breeding community 
to breed for eco-efficient varieties (tolerant to droughts, nutrient loss and other stresses). Undefined 
thresholds and definitions make eco-efficiency a difficult concept to study and promote and thus it 
has lost some momentum. Additionally, it is unknown if farmers are willing or could afford “going 
eco-efficient”, if this entailed a considerable loss of income. It may be worth looking into related 
costs for PES and other investment scenarios. Finally, eco-efficiency lacks a focus on climate change 
and is not clear about whether it constitutes a viable exit strategy out of poverty for smallholders.  
Climate-smart agriculture (CSA) has gained momentum globally and offers an opportunity to feed 
many of the strongest concepts and lessons learned from the previous trends into regional, national 
and subnational planning with a climate focus. However, CSA initiatives have not given due attention 
to soil protection and rehabilitation, despite the apparently strong potential to increase climate 
smartness. Turning soils into carbon sinks (carbon sequestration) is seen as a promising way of 
mitigating climate change. With the addition of organic matter needed to do this, farmers could also 
reap more immediate productivity and soil health benefits, which is an easier entry point than 
sequestration or mitigation alone. CSA also addresses resilience under climate variability, where 
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investment in soil protection will likely be key. CSA faces similar challenges to eco-efficiency with 
undefined thresholds of what qualifies as climate-smart and the fact that climate-smart practices 
should align with all three pillars. This provides a challenge in SSA where mitigation is not a priority 
or a likely entry point. CSA does, however, place an important focus on understanding the gender 
impacts of climate change and adaptive agricultural practices and the resilience of the rural poor 
under climate variability.  
Emerging trends and tools in soil research rely on technological advancements and availability to 
generate, store, share and analyze more data quickly. With these emerging tools we can monitor 
and target applicable solutions at a local to global scale and find patterns might not have been able 
to see without the technology (e.g. big data). 
The overall lessons from these trends in soils research tell us that farmers have to be at the centre of 
research questions from the very beginning; they should provide input and guide research questions 
and directions. This farmer-centred or participatory approach helps to ensure locally appropriate 
options and higher potential for adoption. To enhance farmer interest, it is also important to include 
economic, social and environmental sustainability. 
The research should span from farm to landscape to best inform and target interventions. Trade-offs 
as well as costs and benefits have to be included in understanding complex, whole-farm systems 
that reflect farmers’ reality. For example, many of the practices or interventions stemming from the 
above research trends require additional input of crop residues (for increased organic matter and 
soil cover), but do not address the high competition for residues and organic matter (livestock, field, 
burning, etc.) within the farm.  
This review couples with the best bets compendium (https://ciat.cgiar.org/compendium-of-soil-
practices) to identify potential practices. Many of the research trends have given rise to technologies 
that in the right context, can provide soil protection, rehabilitation, increased productivity and 
improved livelihood options. The compendium of best bets showcases a selection of these 
technologies – showing what is context appropriate and what puts farmers at the centre of the 
approach.  
4. References 
[AGRA] Alliance for a Green Revolution in Africa. 2013. Africa agricultural status report: Focus on 
staple crops. Nairobi, Kenya. Alliance for a Green Revolution in Africa (AGRA).  
[AGRA] Alliance for a Green Revolution in Africa. 2014. AGRA in 2013: Transforming African 
agriculture through partnerships. Nairobi, Kenya: Alliance for a Green Revolution in Africa 
(AGRA). www.agra-alliance.org/download/53a9751217556/   
Ajayi, O. C., Akinnifesi, F. K., Sileshi, G., and S. Chakeredza. 2007. Adoption of renewable soil fertility 
replenishment technologies in the southern African region: lessons learnt and the way forward. 
Natural Resources Forum 31: 306–317. 
Ajayi, O. C., Place, F., Akinnifesi, F. K., and G. W. Sileshi. 2011. Agricultural success from Africa: the 
case of fertilizer tree systems in southern Africa (Malawi, Tanzania, Mozambique, Zambia and 
Zimbabwe). International Journal of Agricultural Sustainability 9: 129–136. 
30 
Akyeampong, E. and L. Hitimana. 1996. Agronomic and economic appraisal of alley cropping with 
Leucaena diversifolia on an acid soil in the highlands of Burundi. Agroforestry Systems 33: 1–11. 
Andersson, E., Brogaard, S., and L. Olsson. 2011. The political ecology of land degradation. Annual 
Review of Environment and Resources 36: 295–319. 
Arrouays, D., Grundy, M.G., Hartemink, A.E., Hempel, J.W., Heuvelink, G.B.M., Young Hong, S., 
Lagacherie, P., Lelyk, G., McBratney, A.B., McKenzie, N.J., et al. 2014. GlobalSoilMap: Toward a 
fine-resolution global grid of soil properties. Advances in Agronomy 125: 93–134. 
http://www.sciencedirect.com/science/article/pii/B9780128001370000030 
Ashtekar, J.M. and P.R. Owens. 2013. Remembering knowledge: An expert knowledge-based 
approach to digital soil mapping. Soil Horizons 54:1–6. doi:10.2136/sh13-01-0007 
Ashtekar, J.M., Owens, P.R., Brown, R.A., Winzeler, H.E., Dorantes, M., Libohova, Z., Da Silva, M. and 
A. Castro. 2014. Digital mapping of soil properties and associated uncertainties in the Llanos 
Orientales, South America. In: Dominique Arrouays, A.B.M., McKenzie, N. Hempel, J. and A. 
Richer de Forges (eds). GlobalSoilMap: Basis of the Global Spatial Soil Information System. 367–
372. http://www.crcnetbase.com/doi/abs/10.1201/b16500-67 
Ayanaba, A., Tuckwell, S.B. and Jenkinson, D.S. 1976. The effect of clearing and cropping on 
organic reserves and biomass of tropical forest soils. Soil Biology and Biochemistry 8:519-525 
Aynekulu, E., Vagen, T., Shepherd, K. and L. Winowiecki. 2011. A protocol for measuring and 
monitoring soil carbon stocks in agricultural landscapes. Version 1.1. World Agroforestry Centre, 
Nairobi. http://www.worldagroforestry.org/downloads/Publications/PDFS/TM11192.pdf  
O.J. Ayodele. 1986. Effect of continuous maize cropping on yield, organic carbon mineralization 
and phosphorus supply of savanna soils in western Nigeria. Biology and Fertility of Soils 2:151-
155 
Balvanera, P., Uriarte, M., Almeida-Leñero, L., Altesor, A., DeClerck, F., Gardner, T., Hall, J., Lara, A., 
Laterra, P., Peña-Claros, M., Matos, D. M. S., Vogl, A. L., Romero-Duque, L. P., Arreola, L. F., Caro-
Borrero, Á. P., Gallego, F., Jain, M., Little, C., Xavier, R. de O., Paruelo, J. M., Peinado, J. E., 
Poorter, L., Ascarrunz, N., Correa, F., Cunha-Santino, M. B., Hernández-Sánchez, A. P., and M. 
Vallejos. 2012. Ecosystem services research in Latin America: The state of the art. Ecosystem 
Services 2: 56 – 70. 
Bationo A., Hartemink A., Lungu O., Naimi M., Okoth P., Smaling E. and L. Thiombiano. 2006. African 
soils: Their productivity and profitability of fertilizer use. Background paper presented for the 
African Fertilizer Summit, 9–13 June 2006, Abuja, Nigeria. 
Bationo, A., Kihara, J., Vanlauwe, B., Waswa, B. and J. Kimetu. 2007. Soil organic carbon dynamics, 
functions and management in West African agro-ecosystems. Agricultural Systems 94:13–25 
Bationo, A., Kihara, J., Vanlauwe, B., Kimetu, J., Waswa B.S. and K.L. Sahrawat. 2008. Integrated 
nutrient management: Concepts and experience from sub-Saharan Africa. In: Aulakh, M.S. and 
C.A. Grant, (eds). Integrated Nutrient Management for Sustainable Crop Production. New York, 
USA: The Haworth Press, Taylor and Francis Group. 467–521 
Bationo, A., Waswa, B., Kihara, J., Adolwa, I., Vanlauwe, B., and K. Saidou, eds. 2012. Lessons learned 
from long-term soil fertility management experiments in Africa. Netherlands: Springer Science & 
Business Media. 
31 
Baudron, F., Jaleta, M., Okitoi, O. and A. Tegegn. 2014. Conservation agriculture in African mixed 
crop-livestock systems: Expanding the niche. Agriculture, Ecosystems & Environment 187:171–
182. doi:10.1016/j.agee.2013.08.020 
Bayala, J., Sileshi, G. W., Coe, R., Kalinganire, A., Tchoundjeu, Z., Sinclair, F., and D. Garrity. 2012. 
Cereal yield response to conservation agriculture practices in drylands of West Africa: a 
quantitative synthesis. Journal of Arid Environments 78: 13 – 25. 
Bekunda, M., Sanginga, N., P.l. Woomer. 2010. Restoring Soil Fertility in Sub-Saharan Africa. 
Advances in Agronomy. Pg 183-236 
Bhan, S. and U.K. Behera 2014. Conservation agriculture in India – Problems, prospects and policy 
issues. International Soil and Water Conservation Research 2:1–12. doi:10.1016/S2095-
6339(15)30053-8 
Bisaro, A., Kirk, M., Zimmermann, W., and P. Zdruli. 2011. Analysing new issues in desertification: 
research trends and research needs. Marburg, Germany: Institute for Co-operation in Developing 
Countries. Final report of the IDEAS project to the German Federal Ministry for Research and 
Education (BMBF). 
Bossio, D., Critchley, W., Geheb, K., Van Lynden, G and B. Mati. 2007. Conserving land, protecting 
water. In: Moden, D. (ed.) Water for Food, Water for Life: A Comprehensive Assessment of Water 
Management in Agriculture. London, UK: Earthscan; and Colombo, Sri Lanka: International 
Water Management Institute. 551–584. 
Boyd, D. and K. Crawford. 2012. Critical questions for big data: Provocations for a cultural, 
technological and scholarly phenomenon. Information, Communication & Society 15: 662–679. 
 http://dx.doi.org/10.1080/1369118X.2012.678878 
Branca, G., Lipper, L., Neves, B., Lopa, D., and I. Mwanyoka. 2011. Payments for watershed services 
supporting sustainable agricultural development in Tanzania. Journal of Environment and 
Development 20: 278–302. 
Brouder, S.M. and H. Gomez-Macpherson. 2014. The impact of conservation agriculture on 
smallholder agricultural yields: A scoping review of the evidence. Agriculture, Ecosystems & 
Environment 187:11–32. 
Brown, D.J., Shepherd, K.D., Walsh, M.G., Mays, M.D. and T.G. Reinsch. 2006. Global soil 
characterization with VNIR diffuse reflectance spectroscopy. Geoderma 132:273–290. 
doi:10.1016/j.geoderma.2005.04.025 
Bruinsma, J. 2009. The resource outlook to 2050: By how much do land, water and crop yields need 
to increase by 2050? FAO Expert Meeting on ‘How to feed the world in 2050’; p. 24–26. June 
2009, FAO, Rome. 
Buresh, R.J., Smithson P.C. and D.T. Heliums. 1997. Building soil phosphorus capital in Africa.  In: 
Buresh R.J. et al. (eds.) Replenishing Soil Fertility in Africa. SSSA Spec. Publ. 51. SSSA, Madison, 
WI. 111–149. 
Cassman, K.G. 1999. Ecological intensification of cereal production systems: Yield potential, soil 
quality, and precision agriculture. Proc. Natl. Acad. Sci. 96:5952–5959. 
  
32 
Cassman, K.G. and R.B. Daugherty. 2012. Foreword. Eco-efficiency: From vision to reality. CIAT 2012. 
http://ciat.cgiar.org/wp-content/uploads/2013/04/eco-efficiency_book.pdf 
Chesterman, S. and C. Neely. 2015. Evidence and policy implications of climate-smart agriculture in 
Kenya. CCAFS Working Paper 90. 
https://cgspace.cgiar.org/bitstream/handle/10568/65098/CSA%20Technical%20Report.pdf 
Chuma, S., Ayalew, A., Amede, T., and W. Mazengia. 2006. Integrating various biological measures 
for erosion control and soil fertility management: the case of Gununo, Ethiopia. In: Amede, T., 
German, L., Rao, S., Opondo, C., and A. Stroud, eds. Integrated Natural Resource Management in 
Practice: Enabling Communities to Improve Mountain Livelihoods and Landscapes. Presented at 
the Proceedings of a conference held on October 12-15, 2004 at ICRAF Headquarters, Nairobi, 
Kenya. Kampala, Uganda: African Highlands Initiative, 139–149. 
[CIAT] International Center for Tropical Agriculture. 2009a. CIAT’s medium-term plan 2010–2012. 
Cali, Colombia. 
www.ciat.cgiar.org/AboutUs/Documents/mtp_2010_2012_jun09_full_version.pdf 
[CIAT] International Center for Tropical Agriculture. 2009b. Quesungual slash and mulch agroforestry 
system (QSMAS): Improving crop water productivity, food security and resource quality in the 
subhumid tropics. CPWF Project Report. Cali, Colombia.  
[CIMMYT] International Maize and Wheat Improvement Center. 2013. SIMLESA progressing and 
gearing up for Phase II. CIMMYT e-informa No. 1836, 22 March–5 April 2013.  
http://aciar.gov.au/aifsc/sites/default/files/images/e-informa1836_0.pdf 
Cole, C.V., Williams, J., Shaffer, M. and J. Hanson. 1987. Nutrient and organic matter dynamics as 
components of agricultural production system models. In Follet, R.F. (ed) Soil Fertility and 
Organic Matter as critical components of production systems. Special Publication 19/ Madison, 
Wisconsin, USA: American Society of Agronomy. 
Corbeels M., Sakyi R.K., Kühne R.F. and A. Whitbread. 2014. Meta-analysis of crop responses to 
conservation agriculture in sub-Saharan Africa. CCAFS Report No. 12. Copenhagen: CGIAR 
Research Program on Climate Change, Agriculture and Food Security (CCAFS). 
https://cgspace.cgiar.org/bitstream/handle/10568/41933/CCAFS%20Report_12%20web.pdf 
Cordingley, J. E., Snyder, K. A., Rosendahl, J., Kizito, F., and D. Bossio. 2015. Thinking outside the plot: 
addressing low adoption of sustainable land management in sub-Saharan Africa. Current Opinion 
in Environmental Sustainability 15: 35–40. 
Corner-Dolloff C., Jarvis A, Loboguerrero, A.M., Lizarazo M, Nowak, A., Andrieu N., Howland, F., 
Smith, C., Maldonado, J., Gomez J., et al. 2015. Climate-Smart Agriculture Prioritization 
Framework. Palmira, Colombia.  
Cukier and Mayer-Schönberger. 2013. Big Data: A Revolution That Will Transform How We Live, 
Work and Think.  International Journal of Communication 7:2727–2729 
Cullather, N. 2010. The Hungry World: America's Cold War Battle against Poverty in Asia. Harvard 
University Press.  
Dalal, R.C., Allen, D.E., Wang, W.J., Reeves, S. and I. Gibson. 2011. Organic carbon and total nitrogen 
stocks in a vertisol following 40 years of no-tillage, crop residue retention and nitrogen 
fertilization. Soil and Tillage Research 112:133–139. 
http://www.sciencedirect.com/science/article/pii/S016719871000245X  
33 
Den Biggelaar, C., Lal, R., Wiebe, K. and V. Breneman. 2004a. The global impact of soil erosion on 
productivity. I: Absolute and relative erosion-induced yield losses. Advances in Agronomy 81:1–
48. 
Den Biggelaar, C., Lal, R., Wiebe, K., Eswaran, H., Breneman, V. and P. Reich. 2004b. The global 
impact of soil erosion on productivity. II: Effects on crop yields and production over time. 
Advances in Agronomy 81:49–95 
Diao, X., Hazell, P., Resnick, D. and J. Thurlow. 2007. The role of agriculture in development: 
Implications for sub-Saharan Africa. Research Report 153. Washington, DC: International Food 
Policy Research Institute. 
Diao, X., Thurlow. J., Benin, S. and S. Fan. 2012. Strategies and priorities for African agriculture. 
Economy-wide perspectives from country studies. IFPRI Issue Brief 73. 
Druilhe, Z. and J. Barreiro-Hurlé. 2012. Fertilizer subsidies in sub-Saharan Africa. ESA Working paper 
No. 12-04. Rome, FAO. 
Emerton, L. 2014. Bringing the economics of land degradation back to the farm level: a conceptual 
framework for addressing the costs and benefits of sustainable land management. Cali, 
Colombia: Centro Internacional de Agricultura Tropical (CIAT). CIAT Working Document No. No. 
226. 
Emerton, L., Snyder, K., Cordingley, J. 2015. Evaluating Land Management Options (ELMO): a 
participatory tool for assessing farmers’ sustainable land management decision preferences and 
trade-offs. Cali, Colombia: Centro Internacional de Agricultura Tropical (CIAT).  
Erkossa, T. 2011. Tillage effects on physical qualities of a vertisol in the central highlands of Ethiopia. 
African Journal of Environmental Science and Technology 5: 1008–1016. 
Fatondji, D., Martius, C., Bielders, C. L., Vlek, P. L. G., Bationo, A., and B. Gerard. 2006. Effect of 
planting technique and amendment type on pearl millet yield, nutrient uptake, and water use on 
degraded land in Niger. Nutrient Cycling in Agroecosystems 76: 203–217. 
Faulkner, E.H. 1945. Ploughman’s Folly. Michael Joseph, London. 142 pp. 
[FAO] Food and Agriculture Organization of the United Nations. 2010. Climate-smart Agriculture: 
Policies, Practices and Financing for Food Security, Adaptation and Mitigation. 
[FAO] Food and Agriculture Organization of the United Nations. 2013. Food and Agriculture 
Organization of the United Nations. Climate-smart Agriculture Sourcebook. 
http://www.fao.org/3/i3325e.pdf 
Follet, R.F. and Schimel, D.S. 1989. Effect of tillage practices on microbial biomass dynamics. Soil 
Science Society of America J. 53:1091-1096 
Fonte, S.J., Barrios, E. and J. Six. 2010. Earthworms, soil fertility and aggregate-associated soil organic 
matter dynamics in the Quesungual agroforestry system. Geoderma 155:320–328. 
Fremier, A. K., DeClerck, F. A. J., Bosque-Perez, N. A., Carmona, N. E., Hill, R., Joyal, T., Keesecker, L., 
Klos, P. Z., Martinez-Salinas, A., Niemeyer, R., Sanfiorenzo, A., Welsh, K., and J. D. Wulfhorst. 
2013. Understanding spatiotemporal lags in ecosystem services to improve incentives. 
BioScience 63: 472–482. 
34 
Friedrich, T., Derpsch, R. and A. Kassam. 2012. Overview of the global spread of conservation 
agriculture. Field Actions Science Reports, Special Issue 6, http://factsreports.revues.org/1941. 
Gary T.,  Adesina, A., and Devries, J.  2008 Building an Alliance for a Green Revolution in Africa Ann. 
N.Y. Acad. Sci. 1136: 233–242 
Gassner, A, Alvare, L.M., Bamba, Z., Beare, D., Bernardo, M., Biradar, C., Van Brakel, M., Chapman, 
R., Dileepkumar, G., Dieng, I., et al. 2013. Shifting the goalposts-from high impact journals to 
high impact data. White paper. World Agroforestry Centre. Nairobi, Kenya. 
https://library.cgiar.org/bitstream/handle/10947/2884/White_Paper_Shifting_the_goalposts_-
_from_high_impact_journals_to_high_impact_data.pdf?sequence=1 
Getnet, K. and C. MacAlister. 2012. Integrated innovations and recommendation domains: paradigm 
for developing, scaling-out, and targeting rainwater management innovations. Ecological 
Economics 76: 34–41. 
Gichangi, E. M., Njiru, E. N., Itabari, J. K., Wambua, J. M., Maina, J. N., and A. Karuku. 2007. 
Assessment of improved soil fertility and water harvesting technologies through community 
based on-farm trials in the ASALs of Kenya. In: Bationo, A., Waswa, B., Kihara, J., and K. Kimetu, 
eds. Advances in Integrated Soil Fertility Management in sub-Saharan Africa: Challenges and 
Opportunities. Netherlands: Springer Science + Business Media, 759–766. 
Gilbert, N. 2012. African agriculture: Dirt poor. Nature 483, 525–527. 
Giller, K.E., Witter, E., Corbeels, M. and P. Tittonell. 2009. Conservation agriculture and smallholder 
farming in Africa: The heretics’ view. Field Crops Research 114:23–34. 
doi:10.1016/j.fcr.2009.06.017 
Giller, K. E., Tittonell, P., Rufino, M. C., van Wijk, M. T., Zingore, S., Mapfumo, P., Adjei-Nsiah, S., 
Herrero, M., Chikowo, R., Corbeels, M., Rowe, E. C., Baijukya, F., Mwijage, A., Smith, J., Yeboah, 
E., van der Burg, W. J., Sanogo, O. M., Misiko, M., de Ridder, N., Karanja, S., Kaizzi, C., K’ungu, J., 
Mwale, M., Nwaga, D., Pacini, C., and B. Vanlauwe. 2011. Communicating complexity: integrated 
assessment of trade-offs concerning soil fertility management within African farming systems to 
support innovation and development. Agricultural Systems 104: 191–203. 
Grainger-Jones, E. 2011. Climate-smart smallholder agriculture: What’s different? International Fund 
for Agricultural Development (IFAD). Rome, Italy. http://www.ifad.org/pub/op/3.pdf 
Greenland, D. J. 1975. Bringing the green revolution to the shifting cultivators. Science 190:841–844. 
Groot, J.C.J., W.A.H. Rossing, A. Jellema, D.J. Stobbelaar, H. Renting and M.K. Van Ittersum. 2007. 
Exploring multiscale trade-offs between nature conservation, agricultural profits and landscape 
quality: A methodology to support discussions on land-use perspectives. Agriculture, Ecosystems 
and Environment 120:58–69. 
Gutteridge, R. C. and H. M. Shelton, eds. 1994. Forage tree legumes in tropical agriculture. 
Wallingford, UK: CAB International. 
Harvey, C., Chacón, M., Donatti, C.I., Garen, E., Hannah, L., Andrade, A., Bede, L., Brown, D., Calle, A., 
Chará, J., et al. 2013. Climate-smart landscapes: Opportunities and challenges for integrating 
adaptation and mitigation in tropical agriculture. Conservation Letters 7(2):77–90. 
Heisey, P.W. and W. Mwangi. 1996. Fertilizer use and maize production in sub-Saharan Africa. 
CIMMYT Economics Working Paper 96-01. CIMMYT, Mexico, D.F. 
35 
Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G. and A. Jarvis. 2005. Very high resolution 
interpolated climate surfaces for global land areas. International Journal of Climatology 25:1965–
1978. 
Hobbs P.R., Sayre, K. and R. Gupta. 2008. The role of conservation agriculture in sustainable 
agriculture. Philosophical Transactions of the Royal Society of London. Series B, Biological 
Sciences 363:543–55. doi:10.1098/rstb.2007.2169 
Homann-Kee Tui, S., Valbuena, D., Masikati, P., Descheemaeker, K., Nyamangara, J., Claessens, L., 
Erenstein, O., Van Rooyen, A. and D. Nkomboni. 2014. Economic trade-offs of biomass use in 
crop-livestock systems: Exploring more sustainable options in semi-arid Zimbabwe. Agricultural 
Systems 134:48–60. doi:10.1016/j.agsy.2014.06.009 
Hounkonnou, D., Kossou, D., Kuyper, T. W., Leeuwis’, C., Nederlof, E. S., Roling, N., Sakyi-Dawson, O., 
Traore, M., and A. van Huis. 2012. An innovation systems approach to institutional change: 
smallholder development in West Africa. Agricultural systems 108: 74–83. 
Huang, Q., Rozelle, S., Lohmar, B., Huang, J. and J. Wang. 2006. Irrigation, agricultural performance 
and poverty reduction in China. Food Policy 31:30–52. 
 Henao J. and C. A. Baanante. 2006. Agricultural production and soil nutrient mining in Africa. 
Implications for resource conservation and policy development. Muscle Shoals, AL : IFDC-An 
International Center for Soil Fertility and Agricultural Development, 2006. 
 http://www.ifdc.org/Documents/T-72-Agricultural_Production_and_Soil_Nutrient/ 
[IFDC] International Fertilizer Development Center. 2006. Abuja declaration on fertilizer for an 
African Green Revolution. Prepared for Africa Fertilizer Summit, African Union Special Summit of 
the Heads of State and Government, Abuja, Nigeria. Muscle Shoals, AL. 
[IITA] International Institute for Tropical Agriculture. 1992. Sustainable food production in sub-
Saharan Africa: 1. IITA’s contributions. IITA, Ibadan, Nigeria. 
Izac, A-M.N. 2000. What paradigm for linking poverty alleviation to natural resources management? 
Proceedings of an International Workshop on Integrated Natural Resource Management in the 
CGIAR: Approaches and Lessons, 21–25 August 2000, Penang, Malaysia. 
Jaleta, M., Kassie, M. and B. Shiferaw. 2013. Tradeoffs in crop residue utilization in mixed crop-
livestock systems and implications for conservation agriculture. Agricultural Systems 121:96–
105. doi:10.1016/j.agsy.2013.05.006 
Janssen, B.H. 1993. Integrated nutrient management: The use of organic and mineral fertilizers. In: 
Van Reuler, H. and W. Prins. (eds.) The Role of Plant Nutrients for Sustainable Food Crop 
Production in sub-Saharan Africa. Leidschendam: VKP. 89–106. 
Janzen, H.H. 2006. The soil carbon dilemma: Shall we hoard it or use it? Soil Biology and Biochemistry 
38:419–424. doi:10.1016/j.soilbio.2005.10.008 
Jenny, H. 1941. Factors of Soil Formation. New York: McGraw-Hill. 
Jose, S. 2009. Agroforestry for ecosystem services and environmental benefits: an overview. 
Agroforestry Systems 76: 1–10. 
Kabanza, A. K. and F. B. R. Rwehumbiza. 2007. Assessment of the contribution of tied ridges and 
farmyard manure application to sorghum production in semi-arid areas of Tanzania. In: Bationo, 
36 
A., Waswa, B., Kihara, J., and K. Kimetu, eds. Advances in Integrated Soil Fertility Management in 
sub-Saharan Africa: Challenges and Opportunities. Netherlands: Springer Science + Business 
Media, 723–730. 
Kang, B.T. and D.A. Shannon. 2001. Agroforestry with focus on alley cropping. In: Tian, G. Ishida, F. 
and D. Keatinge (eds.) SSSA Special Publication 58, Sustaining Soil Fertility in West Africa. 197–
224. 
Kapkiyai, J. J., Karanja, N. K., Qureshi, J. N., Smithson, P. C., and P. L. Woomer. 1999. Soil organic 
matter and nutrient dynamics in a Kenyan nitisol under long-term fertilizer and organic input 
management. Soil Biology and Biochemistry 31: 1773 – 1782. 
Kassie, M., Teklewold, H., Jaleta, M., Marenya, P., and O. Erenstein. 2015. Understanding the 
adoption of a portfolio of sustainable intensification practices in eastern and southern Africa. 
Land Use Policy 42: 400–411. 
Kelly, V., Sylla, M.L., Galiba, M. and D. Weight. 2002. Synergies between natural resource 
management practices and fertilizer technologies: Lessons from Mali. In: Barrett et al. (eds.) 
2002, Natural Resources Management in African Agriculture: Understanding and Improving 
Current Practices. 193–204. 
Kibunja, C. N., Mwaura, F. B., Mugendi, D. N., Wamae, D. K., and A. Bationo. 2011. Long-term land 
management effects on crop yields and soil properties in the sub-humid highlands of Kenya. In: 
Bationo, A., Waswa, B., Okeyo, J. M., Maina, F., and J. Kihara, eds. Innovations as Key to the 
Green Revolution in Africa. Netherlands: Springer Science + Business Media, 169–174. 
Kiepe, P. 1996. Cover and barrier effect of Cassia siamea hedgerows on soil conservation in semi-arid 
Kenya. Soil Technology 9: 161–171. 
Knowler, D. and B. Bradshaw. 2007. Farmers’ adoption of conservation agriculture: A review and 
synthesis of recent research. Food Policy 32:25–48. 
Lahmar, R., Bationo, B.A., Dan Lamso, N., Guéro, Y. and P. Tittonell. 2012. Tailoring conservation 
agriculture technologies to West Africa semi-arid zones: Building on traditional local practices for 
soil restoration. Field Crops Research 132:158–167. doi:10.1016/j.fcr.2011.09.013 
Lal, R. 1975. Role of mulching techniques in tropical soil and water management. IITA Technical 
Bulletin 1, Ibadan, Nigeria. 
Lal, R. 1976a. No tillage effects on soil properties under different crops in western Nigeria. Soil 
Science Society of America Proceedings 40:762–768. 
Lal, R. 1976b. Soil erosion on alfisols in Western Nigeria: I. Effects of slope, crop rotation and residue 
management. Geoderma 16: 363–375. 
Lal, R. 1986. Soil surface management in the tropics for intensive land use and high and sustained 
productivity. In Steward, B.A. (ed) Advances in Soil Science (Vol.5). New York, USA: Springer 
Verlag. 
Lal, R. 2004. Agricultural activities and the global carbon cycle. Nutrient Cycling in Agroecosystems. 
70. 103–116. 
Lal, R. 2006 Enhancing crop yields in the developing countries through restoration of the soil organic 
carbon pool in agricultural lands. Land Degradation and Development 17:197–209 
37 
Lal, R. 2007. Carbon management in agricultural soils. Mitigation and Adaptation Strategies for 
Global Change. 12. 303–322. 
Lal, R. 2010. Enhancing eco-efficiency in agro-ecosystems through soil carbon sequestration. Crop 
Science 50:120–131. 
Laurans, Y., Rankovic, A., Billé, R., Pirard, R., and L. Mermet. 2013. Use of ecosystem services 
economic valuation for decision making: questioning a literature blindspot. Journal of 
Environmental Management 119: 208–219. 
Lavelle, P. 1988. Earthworm activities and the soil system. Biology and Fertility of Soils 6:237-251 
Lenka, N.K. and R. Lal. 2013. Soil aggregation and greenhouse gas flux after 15 years of wheat straw 
and fertilizer management in a no-till system. Soil and Tillage Research 126:78–89. 
doi:10.1016/j.still.2012.08.011 
Li, C., Frolking, S. and K. Butterbach-Bahl. 2005. Carbon sequestration in arable soils is likely to 
increase nitrous oxide emissions, offsetting reductions in climate radiative forcing. Climate 
Change 72:321–338. 
Madari, B.E., Reeves, J.B., Machado, P.L.O.A., Guimarães, C.M., Torres, E. and G.W. McCarty. 2006. 
Mid- and near-infrared spectroscopic assessment of soil compositional parameters and 
structural indices in two ferralsols. Geoderma 136:245–259. 
doi:10.1016/j.geoderma.2006.03.026 
Mando, A., Ouattara, B., Sédogo, M., Stroosnijder, L., Ouattara, K., Brussaard, L., and B. Vanlauwe. 
2005. Long-term effect of tillage and manure application on soil organic fractions and crop 
performance under Sudano-Sahelian conditions. Soil and Tillage Research 80: 95–101. 
Mbow, C., Noordwijk, M. V., Luedeling, E., Neufeldt, H., Minang, P. A., and G. Kowero. 2014. 
Agroforestry solutions to address food security and climate change challenges in Africa. Current 
Opinion in Environmental Sustainability 6: 61 – 67. 
McBratney, A., Mendonca Santos, M. and B. Minasny. 2003. On digital soil mapping. Geoderma 
117:3–52. 
Mcdonagh, J., Lu, Y., and O. Semalulu. 2014. Adoption and adaptation of improved soil management 
practices in the eastern Ugandan hills. Land Degradation & Development 25: 58–70. 
Mekuria, M. and S.R. Waddington. 2002. Initiatives to Encourage Farmer Adoption of Soil-fertility 
Technologies for Maize-based Cropping Systems in Southern Africa. In: Barrett et al., (eds.) 2002. 
Natural Resources Management in African Agriculture: Understanding and Improving Current 
Practices. 219–234. 
Meliyo, J. L., Masuki, K. F. G., and J. G. Mowo. 2007. Integrated natural resources management a 
strategy for food security and poverty alleviation in Kwalei village, Lushoto district, Tanzania. In: 
Bationo, A., Waswa, B., Kihara, J., and K. Kimetu, eds. Advances in Integrated Soil Fertility 
Management in sub-Saharan Africa: Challenges and Opportunities. Netherlands: Springer 
Science + Business Media, 781–786. 
Merten, G.H. and J.P.G. Minella. 2013. The expansion of Brazilian agriculture: Soil erosion scenarios. 
International Soil and Water Conservation Research 1:37–48. doi:10.1016/S2095-
6339(15)30029-0 
38 
Meyer, R. and D. Burger. 2010. Low-input intensification in agriculture. Chances for small-scale 
farmers in developing countries. Proceedings of the KIT-Workshop 8 December 2010, Karlsruhe. 
Milgroom, J. and K. E. Giller. 2013. Courting the rain: rethinking seasonality and adaptation to 
recurrent drought in semi-arid southern Africa. Agricultural Systems 118: 91–104. 
Minang, P. A., Duguma, L. A., Bernard, F., Mertz, O., and M. van Noordwijk. 2014. Prospects for 
agroforestry in REDD+ landscapes in Africa. Current Opinion in Environmental Sustainability 6: 78 
– 82. 
Minasny, B. and A.B. McBratney. 2006. Digital soil mapping: An introductory perspective. 
Developments in Soil Science 31:153–606. doi:10.1016/S0166-2481(06)31012-4 
Montgomery, D.R. 2007. Soil erosion and agricultural sustainability. Proceedings of the National 
Academy of Sciences, USA 104:13268–13272. 
Moore, I.D., Gessler, P.E., Nielsen, G.A. and G.A. Peterson. 1993. Soil attribute prediction using 
terrain analysis. Soil Science Society of America Journal 57:443–452. 
doi:10.2136/sssaj1993.03615995005700020026x 
Mtambanengwe, F., Mapfumo, P., and B. Vanlauwe. 2007. Comparative short-term effects of 
different quality organic resources on maize productivity under two different environments in 
Zimbabwe. In: Bationo, A., Waswa, B., Kihara, J., and K. Kimetu, eds. Advances in Integrated Soil 
Fertility Management in sub-Saharan Africa: Challenges and Opportunities. Netherlands: 
Springer Science + Business Media, 575–588. 
Mwongera, C., Twyman, J., Shikuku, K.M., Winowiecki, L., Okolo, W., Laderach, P., Ampaire, E., Van 
Asten, P. and S. Twomlow. 2014. Climate-smart agriculture rapid appraisal (CSA-RA): A 
prioritization tool for outscaling. Step-by-step guidelines. 
http://cgspace.cgiar.org/rest/bitstreams/53064/retrieve  
Myers RJK, Palm CA, Cuevas E, Gunatilleke IUN and M. Brossard. 1994. The synchronisation of 
nutrient mineralization and plant nutrient demand. In: Woomer PL and Swift MJ (eds) The 
Biological Management of Tropical Soil Fertility, pp 81-116. John Wiley and Sons, West Sussex, 
UK 
 
Nair, P. K. R. 1993. An introduction to agroforestry. Dordrecht, The Netherlands: Kluwer Academic 
Publishers. 
Ndiritu, S. W., Kassie, M., and B. Shiferaw. 2014. Are there systematic gender differences in the 
adoption of sustainable agricultural intensification practices? Evidence from Kenya. Food Policy 
49: 117–127. 
Ndlovu, P.V., Mazvimavi, K., An, H. and C. Murendo. 2014. Productivity and efficiency analysis of 
maize under conservation agriculture in Zimbabwe. Agricultural Systems 124:21–31. 
doi:10.1016/j.agsy.2013.10.004 
Negash, M. and M. Starr. 2015. Biomass and soil carbon stocks of indigenous agroforestry systems 
on the south-eastern Rift Valley escarpment, Ethiopia. Plant and Soil 393: 95–107. 
Nhamo, N. 2001. An evaluation of the efficacy of organic and inorganic fertilizer combinations in 
supplying nitrogen to crops. [MPhil thesis.]. University of Zimbabwe, Harare, Zimbabwe. 
39 
Nocita, M., Stevens, A., Van Wesemael, B., Aitkenhead, M., Bachmann, M., Barthes, B., Ben Dor, E., 
Brown, D.J., Clairotte, M., Csorba, A., et al. 2015. Advances in Agronomy 123:1–21. 
Nyamangara, J., Mashingaidze, N., Masvaya, E.N., Nyengerai, K., Kunzekweguta, M., Tirivavi, R. and 
K. Mazvimavi. 2014. Weed growth and labor demand under hand-hoe based reduced tillage in 
smallholder farmers’ fields in Zimbabwe. Agriculture, Ecosystems & Environment 187:146–154. 
doi:10.1016/j.agee.2013.10.005 
Nye, P.H. and Greenland, D.J. 1960. The soil under shifting cultivation. Technical communication 
51. Harpenden, UK: Commonwealth Bureau of Soils. 
 
Nziguheba, G., Palm, C.A., Buresh, R. J. and P.C. Smithson. 1998. Soil phosphorus fractions and 
adsorption as affected by organic and inorganic sources. Plant and Soil 198:159–168. 
Nziguheba, G., Merckx, R., and C. A. Palm. 2005. Carbon and nitrogen dynamics in a phosphorus-
deficient soil amended with organic residues and fertilizers in western Kenya. Biology and 
Fertility of Soils 41: 240–248. 
Oades, J.M. 1984. Soil organic matter and structural stability: Mechanisms and implications for 
management. Plant and Soil 76:319-337. 
Odeh, I., McBratney, A. and D. Chittleborough. 1995. Further results on prediction of soil properties 
from terrain attributes: Heterotopic cokriging and regression-kriging. Geoderma 67:215–226. 
Okalebo, J.R., Palm, C.A., Gichuru, M., Owuor, J.O., Othieno, C.O., Munyampundu, A., Muasya, R.M. 
and P.L. Woomer. 1999. Use of wheat straw, soybean trash and nitrogen fertilizer for maize 
production in the Kenya highlands. African Crop Science Journal 7:423–432. 
Omotayo, O.E. and K.S. Chukwuka. 2009. Soil fertility restoration techniques in sub-Saharan Africa 
using organic resources. African Journal of Agricultural Research 4:144–150. 
Ong, C. K. and R. R. B. Leakey. 1999. Why tree-crop interactions in agroforestry appear at odds with 
tree-grass interactions in tropical savannahs. Agroforestry Systems 45: 109–129. 
Ordonez Barragan, J. 2004. Main factors influencing maize production in the Quesungual 
agroforestry system in Southern Honduras: An exploratory study. [MSc thesis.]. Wageningen 
University, Wageningen, Netherlands. 
Pagiola, S. 1999. The global environmental benefits of land degradation control on agricultural land. 
Washington D.C.: The World Bank. No. World Bank Environment Paper Number 16. 
Palm, C., Blanco-Canqui, H., DeClerck, F., Gatere, L. and P. Grace. 2014. Conservation agriculture and 
ecosystem services: An overview. Agriculture, Ecosystems & Environment 187:87–105. 
doi:10.1016/j.agee.2013.10.010 
Palm, C.H., Sanchez, P., Ahamed, S. and A. Awiti 2007. Soils: A contemporary perspective. Annual 
Review of Environmental Resources 32:99–129. 
Palm C.A., Gachengo C.N., Delve R.J., Cadisch G., K.E. Giller. 2001 Organic inputs for soil fertility 
management in tropical agroecosystems: application of an organic resource database. 
Agriculture, Ecosystems & Environment 83 27–42. 
Pásztor, L. 2007. Functional soil mapping for identification of NVZs. Proceedings of the 10th AGILE 
International Conference on Geographic Information Science. Aalborg University, Denmark, 1–9. 
40 
Pathak P., Sahrawat K.L., Rego T.J., S.P. Wani. 2005. Measurable biophysical indicators for impact 
assessment: Changes in soil quality. In: Shiferaw B, Freeman HA, Swinton SM eds Natural 
resource management in agriculture: methods for assessing economic and environmental 
impacts. Wallingford, CAB International. Pp. 53–74 
Paul, B.K., Vanlauwe, B., Ayuke, F., Gassner, A., Hoogmoed, M., Hurisso, T.T., Koala, S., Lelei, D., 
Ndabamenye, T., Six, J. and M.M. Pulleman. 2013. Medium-term impact of tillage and residue 
management on soil aggregate stability, soil carbon and crop productivity. Agriculture, 
Ecosystems & Environment 164:14–22. doi:10.1016/j.agee.2012.10.003 
Pauli, N., T. Oberthür, E. Barrios and A.J. Conacher. 2009. Fine-scale spatial and temporal variation in 
earthworm surface casting activity in agroforestry fields, western Honduras. Pedobiologia 
53:127–139. 
Perfecto, I. and J. Vandermeer. 2010. The agroecological matrix as alternative to the land-
sparing/agriculture intensification model. Proceedings of the National Academy of Sciences 
107:5786–5791. 
Phalan, B., Onial, M., Balmford, A and R.E. Green. 2011. Reconciling food production and biodiversity 
conservation: Land sharing and land sparing compared. Science 333:1289–1291. 
DOI: 10.1126/science.1208742 
Pieri, C. 1995. Long-term soil management experiments in Semi Arid Francophone Africa. In: Lal, R., 
Stewart, B.A.(Eds.), Soil Management Experimental Basis for Sustainability and Environmental 
Quality. Adv. Soil Sci. CRC Lewis Publishers, Boca Raton, FA, USA, 225–266 
Piggin, C., Haddad, A., Khalil, Y., Loss, S. and M. Pala. 2015. Effects of tillage and time of sowing on 
bread wheat, chickpea, barley and lentil grown in rotation in rainfed systems in Syria. Field Crops 
Research 173. 57–67. 
Pingali, P.L. 2012. Green Revolution: Impacts, limits and the path ahead. Proceedings of the National 
Academy of Sciences 109:12302–12308. 
Pittelkow, C.M., Liang, X., Linquist, B.A., Van Groenigen, K.J., Lee, J., Lundy, M.E., Van Gestel, N., Six, 
J., Venterea, R.T. and C. Van Kessel. 2014. Productivity limits and potentials of the principles of 
conservation agriculture. Nature 517:365–368. doi:10.1038/nature13809. 
Place, F., Franzel, S., Dewolf, J., Rommelse, R., Kwesiga, F., Niang, A. and B. Jama. 2002. Agroforestry 
for soil fertility replenishment: Evidence on adoption processes in Kenya and Zambia. In: Barrett 
et al. (eds.) 2002, Natural Resources Management in African Agriculture: Understanding and 
Improving Current Practices. 155–168. 
Poch, R.M. and Martinez-Casanovas, J.A. Degradation.In: Encyclopedia of Soil Science. 2002, 
(Eds).R. Lal: Marcel Dekker. Inc. 260 pp. 
Post, W.M. and L.K. Mann. 1990. Changes in soil organic carbon and nitrogen as a result of 
cultivation. In Bouwmam, A.E. (ed) Soils and the Greenhouse Effect. Chichester, UK, John Wiley 
Powlson, D.S., Stirling, C.M., Jat, M.L., Gerard, B.G., Palm, C.A., Sanchez, P.A. and K.G. Cassman. 
2014. Limited potential of no-till agriculture for climate change mitigation. National Climate 
Change 4:678–683. 
Pratibha, G., Srinivas, I., Rao, K.V., Raju, B.M.K., Thyagaraj, C.R., Korwar, G.R., Venkateswarlu, B., 
Shanker, Arun K., Choudhary, Deepak K., Rao, K.S., et al. 2015. Impact of conservation 
agriculture practices on energy use efficiency and global warming potential in rainfed 
41 
pigeonpea–castor systems. European Journal of Agronomy 66:30–40. 
doi:10.1016/j.eja.2015.02.001 
Pretty, J. N. and P. Shah. 1997. Making soil and water conservation sustainable: from coercion and 
control to partnerships and participation. Land Degradation & Development 8: 39–58. 
Pretty, J., Toulmin, C. and S. Williams. 2011. Sustainable intensification in African agriculture. 
International Journal of Agricultural Sustainability 9:5–24. 
Pumariño, L., Sileshi, G. W., Gripenberg, S., Kaartinen, R., Barrios, E., Muchane, M. N., Midega, C., 
and M. Jonsson. 2015. Effects of agroforestry on pest, disease and weed control: a meta-
analysis. Basic and Applied Ecology (online). 
Pypers P., Verstracte S., Thi C.P. and R. Merckx. 2005. Changes in mineral nitrogen, phosphorus 
availability and salt extractable aluminium following the application of green manure residues in 
two weathered soils of south Vietnam. Soil Biology and Biochemistry 37:163–172. 
Ramirez-Villegas, J., A. Jarvis, P. Läderach. 2013. Empirical approaches for assessing impacts of 
climate change on agriculture: The EcoCrop model and a case study with grain sorghum. 
Agricultural and Forest Meteorology 170: 67–78. 
Reece, J., Sumberg, J., and L. Pommier. 2004. Matching technologies with potential end users: a 
knowledge enginee ring approach for agricultural research management. Journal of Agricultural 
Economics 55: 25–40. 
Reeves III, J., Follett, R., McCarty, G. and J. Kimble. 2006. Can near or mid-infrared diffuse reflectance 
spectroscopy be used to determine soil carbon pools? Communications in Soil Science and Plant 
Analysis 37:2307–2325. doi:10.1080/00103620600819461 
Requier-Desjardins, M., Adhikari, B., and S. Sperlich. 2011. Some notes on the economic assessment 
of land degradation. Land Degradation & Development 22: 285–298. 
Richards, R.A., Hunt, J.R., Kirkegaard, J.A. and J.B. Passioura. 2014. Yield improvement and 
adaptation of wheat to water-limited environments in Australia: A case study. Crop Pasture 
Science 65:676–689. 
Ricker-Gilbert, J. and T.S. Jayne. 2012. Do fertilizer subsidies boost staple crop production and reduce 
poverty across the distribution of smallholders in Africa? Quantile regression results from 
Malawi. Selected Paper prepared for presentation at the International Association of 
Agricultural Economists (IAAE) Triennial Conference, Foz do Iguaçu, Brazil, 18–24 August 2012. 
http://ageconsearch.umn.edu/bitstream/126742/2/IAAE_%2316263_June2012.pdf 
Rivera, M. 2008. Determinación de la dinámica del agua en el Sistema Agroforestal Quesungual e 
identificación de factores suelo-planta para el mejoramiento de la productividad del agua en los 
cultivos. PhD Thesis, Universidad Nacional de Colombia - Palmira. 306 p. 
Roupsard, O., Ferhi, A., Granier, A., Pallo, F., Depommier, D., Mallet, B., Joly, H. I., and E. Dreyer. 
1999. Reverse phenology and dry-season water uptake by Faidherbia albida (Del.) A. Chev. in an 
agroforestry parkland of Sudanese West Africa. Functional Ecology 13: 460–472. 
Rusinamhodzi, L. 2015. Field crops research – tinkering on the periphery: Labour burden not crop 
productivity increased under no-till planting basins on smallholder farms in Murehwa district, 
Zimbabwe. Field Crops Research 170:66–75. doi:10.1016/j.fcr.2014.10.006 
42 
Rusinamhodzi, L., Corbeels, M., Van Wijk, M.T., Rufino, M.C., Nyamangara, J. and K.E. Giller 2011. A 
meta-analysis of long-term effects of conservation agriculture on maize grain yield under rain-
fed conditions. Agronomy for Sustainable Development 31:657–673. 
Russo, R.O. 1996. Agrosilvopastoral systems: A practical approach toward sustainable agriculture. 
Journal of Sustainable Agriculture 7:5–16. 
Sahrawat, K.L., Wani, S.P., Pathak, P. and T.J. Rego. 2010. Managing natural resources of watersheds 
in the semi-arid tropics for improved soil and water quality: A review. Agricultural Water 
Management 97:375–381 
Sanchez, P.A. 1976. Properties and Management of Soils in the Tropics. John Wiley and Sons, New 
York, USA. 
Sanchez, P.A., Palm, C.A., Szott, L.T., Cuevas, E. and Lal, R. 1989 . Organic input management in 
tropical agroecosystems. In Coleman, D.C., Oades, J.M. and Uehara, G. (eds) Dynamics of soil 
organic Matter in Tropical Ecosystems. Honolulu, Hawaii, USA: University of Hawaii Press. 
Sanchez, P.A. 1994. Tropical soil fertility research: Towards the second paradigm. P. 65-88. In: 
Inaugural and state of the art conferences. Transactions 15th World Congress of Soil Science. 
Acapulco, Mexico. 
Sanchez, P.A., Ahamed,  S., Carré,  F., Hartemink, A.E., Hempel, J., Huising, J., Lagacherie, P., 
McBratney, A., McKenzie, N.J. , Mendonça-Santos, M., et al. 2009. Digital soil map of the world. 
Science 325:680–681. 
Sangaré, M., Fernández-Rivera, S., Hiernaux, P., Bationo, A., and V. Pandey. 2002. Influence of dry 
season supplementation for cattle on soil fertility and millet (Pennisetum glaucum L.) yield in a 
mixed crop/livestock production system of the Sahel. Nutrient Cycling in Agroecosystems 62: 
209–217. 
Sanginga N., Dashiell K.,Diels J., Vanlauwe B., Lyasse O., Carsky R.J., Tarawali S., Asafo-Adjei B., 
Menkir A., Schulz S., Sing B.B., Chikoye O., Keatinge J.D.H. and R. Ortiz. 2003. Sustainable 
resource management coupled to resilient germplasm to provide new intensive cereal-grain 
legume-livestock systems in the dry savanna. Agriculture, Ecosystems and Environment 100: 
305–314. 
Sanginga N. and P.L. Woomer. (eds). 2009. Integrated Soil Fertility Management in Africa: Principles, 
Practices and Developmental Process. Tropical Soil Biology and Fertility Institute of the 
International Centre for Tropical Agriculture. Nairobi. 
Sayer, J., Sunderland, T., Ghazoul, J., Pfund, J.-L., Sheil, D., Meijaard, E., Venter, M., Boedhihartono, 
A. K., Day, M., Garcia, C., van Oosten, C., and L. E. Buck. 2013. Ten principles for a landscape 
approach to reconciling agriculture, conservation, and other competing land uses. Proceedings 
of the National Academy of Sciences of the United States of America 110: 8349–8356. 
Schlesinger, W.H. 1991. Biochemistry: An Analysis of Global Change. Academic Press: London. 
Schroth G and F. Sinclair. 2003. Trees, Crops and Soil Fertility: Concepts and Research Methods. 
Wallingford UK: CABI. 
Schwilch, G., Hessel, R., and S. Verzandvoort. 2012. Desire for Greener Land. Options for Sustainable 
Land Management in Drylands. Bern, Switzerland, and Wageningen, The Netherlands: University 
43 
of Bern: CDE, Alterra - Wageningen UR, ISRIC - World Soil Information and CTA - Technical Centre 
for Agricultural and Rural Cooperation. 
Shapiro, B.I. and J.H. Sanders. 2002. Natural resource technologies for semi-arid regions of sub-
Saharan Africa. In: Barrett et al. (eds.) 2002. Natural Resources Management in African 
Agriculture: Understanding and Improving Current Practices. 155–168. 
Shepherd, K.D. and M.G. Walsh. 2002. Development of reflectance libraries for characterization of 
soil properties. Soil Science Society of America  Journal  66:988–998. 
Shepherd, K. D., Shepherd, G., and M. G. Walsh. 2015. Land health surveillance and response: a 
framework for evidence-informed land management. Agricultural Systems 132: 93–106. 
Shiferaw, S. A., Okello, J., and R. V. Reddy. 2009. Adoption and adaptation of natural resource 
management innovations in smallholder agriculture: reflections on key lessons and best 
practices. Environment, Development and Sustainability 11: 601–619. 
 
Sileshi, G., Akinnifesi, F. K., Ajayi, O. C., and F. Place. 2008. Meta-analysis of maize yield response to 
woody and herbaceous legumes in sub-Saharan Africa. Plant and Soil 307: 1–19. 
Sinare, H. and L. J. Gordon. 2015. Ecosystem services from woody vegetation on agricultural lands in 
Sudano-Sahelian West Africa. Agriculture, Ecosystems & Environment 200: 186 – 199. 
Smaling, E.M.A. 1993. An agro-ecological framework of integrated nutrient management with special 
reference to Kenya. [PhD thesis] Wageningen, The Netherlands, Wageningen Agricultural 
University. 
Smith, P., Gregory, P.J., van Vuuren, D., Obersteiner, M., Havlik, P., Rounsevell, M., Woods, J., 
Stehfest, E. and J. Bellarby. 2010. Competition for land. Philosophical Transactions of the Royal 
Society B 365: 2941–2957. 
Snapp, S., Kerr, R. B., Smith, A., Ollenburger, M., Mhango, W., Shumba, L., Gondwe, T., and G. 
Kanyama-Phiri. 2013. Modeling and participatory farmer-led approaches to food security in a 
changing world: a case study from Malawi. Science et Changements Planetaires - Secheresse 24: 
350–358. 
Snyder, K. A. and B. Cullen. 2014. Implications of sustainable agricultural intensification for family 
farming in Africa: Anthropological perspectives. Anthropological Notebooks 20: 9–29. 
Snyder, K. A., Ludi, E., Cullen, B., Tucker, J., Belay, A., and A. Duncan, 2014. Participation and 
performance: planning and implementation of soil and water management in Ethiopia. Public 
Administration and Development 34: 83–95. 
Sommer, R., Vlek, P.L.G., Sá, T.D. de A., Vielhauer, K., Coelho, R. de F.R. and H. Fölster. 2004. Nutrient 
balance of shifting cultivation by burning or mulching in the Eastern Amazon – evidence for 
subsoil nutrient accumulation. Nutrient Cycling in Agroecosystems 68:257–271. 
Sommer, R., Wall, P.C. and B. Govaerts. 2007. Model-based assessment of maize cropping under 
conventional and conservation agriculture in highland Mexico. Soil and Tillage Research 94:83–100. 
Sommer, R., Piggin, C., Haddad, A., Hajdibo, A., Hayek, P. and Y. Khalil. 2012. Simulating the effects 
of zero tillage and crop residue retention on water relations and yield of wheat under rainfed 
semiarid Mediterranean conditions. Field Crops Research 132:40–52. 
44 
Sommer, R., Bossio, D., Desta, L., Dimes, J., Kihara, J., Koala, S., Mango, N., Rodriguez, D., Thierfelder, 
C. and L. Winowiecki. 2013. Profitable and sustainable nutrient management systems for East and 
Southern African smallholder farming systems – Challenges and opportunities. 
http://ciat.cgiar.org/wp-
content/uploads/2013/06/profitable_and_sustainable_nutrient_management_systems.pdf 
Sommer, R. and D. Bossio. 2014. Dynamics and climate change mitigation potential of soil organic 
carbon sequestration. Journal of Environmental Management 144:83–87. 
Sommer, R., Mukalama, J., Kihara, J., Koala, S., Winowiecki, L. and D. Bossio. 2015. Nitrogen 
dynamics and nitrous oxide emissions in a long-term trial on integrated soil fertility management 
in western Kenya. Nutrient Cycling in Agroecosystems DOI 10.1007/s10705-015-9693-6 
Srivastava, S.C. and Singh, J.S. 1989 Effect of cultivation on microbial carbon and nitrogen in dry 
tropical forest soil. Biology and fertility of Soils 8:343-348. 
Steppler, H. A. and P. K. R. Nair. 1987. Agroforestry: a decade of development. Nairobi, Kenya: 
International Council for Research in Agroforestry. 
Stocking, M.A. 2003. Tropical soils and food security: The next 50 years. Science 302:1356–1359. 
Swift, M.J. and Seward, P.D. 1994. Long-term experiments in Africa: developing a database for 
sustainable land use under global change, pp229-251, in R.A. Leigh and A.E. Johnson (eds) Long-
term Experiments in Agricultural and Ecological Sciences, CAB International 
Swift, M.J. and K. Shepherd. 2007. Saving Africa's soil: Science and technology for improved soil 
management in Africa. World Agroforestry Centre, Nairobi. 
Tabo, R., Bationo, A., Gerard, B., Ndjeunga, J., Marchal, D., Amadou, B., Annou, G., Sogodogo, D., 
Taonda, J. B., Hassane, S., Maimouna, O., Diallo, K. and S. Koala. 2007. Improving cereal 
productivity and farmers’ income using a strategic application of fertilisers in West Africa. In 
Advances in Integrated Soil Fertility Management in Sub-Saharan Africa: Challenges and 
Opportunities, 201–208 (Eds A. Bationo, B. Waswa, J. Kihara and J. Kimetu). Netherlands: 
Springer (www.springer.com). ISBN: 3 78-4020-575-5. 
Takimoto, A., Nair, P. K. R., and V. D. Nair. 2008. Carbon stock and sequestration potential of 
traditional and improved agroforestry systems in the West African Sahel. Agriculture, 
Ecosystems & Environment 125: 159 – 166. 
Teklewold, H., Kassie, M., and B. Shiferaw. 2013. Adoption of multiple sustainable agricultural 
practices in rural Ethiopia. Journal of Agricultural Economics 64: 597–623. 
Terhoeven-Urselmans, T., Vågen, T.G., Spaargaren, O. and K.D. Shepherd. 2010. Prediction of soil 
fertility properties from a globally distributed soil mid-infrared spectral library. Soil Science 
Society of America Journal 74:1792–1799. doi:10.2136/sssaj2009.0218 
The Guardian. 2014. Norman Borlaug: Humanitarian hero or menace to society? 
http://www.theguardian.com/global-development/poverty-matters/2014/apr/01/norman-
borlaug-humanitarian-hero-menace-society 
Theng, B.K.G. 1991. Soil science in the tropics: The next 75 years. Soil Science 151:76–90. 
[Simons Institute] Simons Institute for the Theory of Computing. 2013. Theoretical Foundations of 
Big Data Analysis. Berkeley, University of California. 
https://simons.berkeley.edu/programs/bigdata2013 
45 
Thierfelder, C., Cheesman, S. and L. Rusinamhodzi. 2012. A comparative analysis of conservation 
agriculture systems: Benefits and challenges of rotations and intercropping in Zimbabwe. Field 
Crops Research 137: 237–250. doi:10.1016/j.fcr.2012.08.017 
Thierfelder, C., Matemba-Mutasa, R. and L. Rusinamhodzi. 2015. Yield response of maize (Zea mays 
L.) to conservation agriculture cropping system in Southern Africa. Soil and Tillage Research 
146:230–242. doi:10.1016/j.still.2014.10.015 
Thomas, R. 2002. Revisiting the conceptual framework for INRM developed in Penang and Cali. In: 
Proceedings of the 4th INRM Task Force Workshop: ‘Integrated Natural Resource Management: 
Putting Practice into Action’, 16-19 September 2002, ICARDA, Aleppo, Syria. 53. 
Tittonell, P., Vanlauwe, B., Misiko, M., and K. E. Giller. 2011. Targeting resources within diverse, 
heterogeneous and dynamic farming systems: towards a ‘uniquely African green revolution’. In: 
Bationo, A., Waswa, B., Okeyo, J. M., Maina, F., and J. Kihara, eds. Innovations as Key to the 
Green Revolution in Africa. Springer Netherlands, 747–758. 
[UNCTAD] United Nations Conference on Trade and Development (UNCTAD). 2010. The Technology 
and Innovation Report 2010. UNCTAD Geneva, Switzerland. 
[UNCTAD] United Nations Conference on Trade and Development and [UNEP] United Nations 
Environment Programme. 2008. Organic agriculture and food security in Africa. United Nations, 
New York and Geneva. 
http://unctad.org/en/docs/ditcted200715_en.pdf 
Van Noordwijk M., Barrios E., Shepherd K., Bayala J. and I. Ӧborn. 2015. The rooted pedon in a 
dynamic multifunctional landscape: Soil science at the World Agroforestry Centre. Working Paper 
200. Nairobi, Kenya: World Agroforestry Centre (ICRAF). doi: 10.5716/WP15023.PDF 
Vågen, T.-G. and L. Winowiecki. 2013. Mapping of soil organic carbon stocks for spatially explicit 
assessments of climate change mitigation potential. Environmental Research Letters 8. 
http://iopscience.iop.org/article/10.1088/1748-9326/8/1/015011/pdf 
Vågen, T.-G. Winowiecki, L., Abegaz, A. and K. Hadgu. 2013. Landsat-based approaches for mapping 
of land degradation prevalence and soil functional properties in Ethiopia. Remote Sensing of 
Environment. 134: 266–275. http://dx.doi.org/10.1016/j.rse.2013.03.006. 
Vågen, T.-G., Davey, F. and K.D. Shepherd. 2012. Land health surveillance: Mapping soil carbon in 
Kenyan rangelands. In: Nair, P.K.R. and D. Garrity (eds.) Agroforestry: The Future of Global Land 
Use. Springer. 
Vågen, T.-G., Shepherd, K.D., Walsh, M.G. and T.  Va. 2006. Sensing landscape level change in soil 
fertility following deforestation and conversion in the highlands of Madagascar using Vis-NIR 
spectroscopy. Geoderma 133:281–294. doi:10.1016/j.geoderma.2005.07.014 
Vågen, T.G., Winowiecki, L., Desta, L. and J. Tondoh. 2013. Land degradation surveillance 
framework field guide V4. http://www1.cifor.org/fileadmin/subsites/sentinel-
landscapes/document/LDSF_Field_Guide.pdf 
Vagen T.G, and L.A. Winowiecki. 2013. Mapping of soil organic carbon stocks for spatially explicit 
assessments of climate change mitigation potential. Environ Res Lett 8:015011 
Vågen, T.-G., Winowiecki, L., Tondoh, J.E., Desta, L.T.  and T. Gumbricht. 2015. Mapping of soil 
properties and land degradation risk in Africa using MODIS reflectance. Geoderma 
http://dx.doi.org/10.1016/j.geoderma.2015.06.023 
46 
Valbuena, D. Erenstein, O. Homann-Kee Tui, S., Abdoulaye, T., Claessens, L., Duncan, A.J. Gérard, B., 
Rufino, M.C., Teufel, N. van Rooyen, A., and M.T. van Wijk 2012. Field Crops Research 132: 175–
184 
Conservation Agriculture in mixed crop–livestock systems: Scoping crop residue trade-offs in Sub-
Saharan Africa and South Asia. 
Valentin, C. Bossio, D., Boonsaner, A., De Guzman, M.T.L., Phachomphonh, K., Subagyono, K., Duc 
Toan, T., Janeau, J.-L., Orange, D. and O. Ribolzi. 2006. Improving catchment management on 
sloping land in Southeast Asia. In: Rocchi D., Despréaux D., Frison E.A., Hubert B. and M. Lantin. 
(eds.). La France et le CGIAR: Delivering Scientific Results for Agricultural Development. 
Washington, DC. CGIAR. 68-71. 
Vanlauwe, B., Wendt, J. and Diels, J. 2001a. Combined application of organic matter and fertilizer. 
In: Tian, G., Ishida, F. and Keatinge, J.D.H. (eds). Sustaining soil fertility in West Africa. Sustaining 
soil fertility in West Africa. Madison, WI, USA. Soil Science Society of America 58:247–280. 
Vanlauwe, B., Aihou, K., Aman, S., Iwuafor, E.N.O., Tossah, B.K., Diels, J., Sanginga, N., Merckx, R. 
and S. Deckers. 2001b. Maize yield as affected by organic inputs and urea in the West African 
moist savanna. Agronomy Journal 93:1191–1199. 
Vanlauwe, B., Diels, J., Aihou, K., Iwuafor, E.N.O., Lyasse, O., Sanginga, N. and R. Merckx. 2002b. 
Direct interactions between N fertilizer and organic matter: evidence from trials with 15N 
labelled fertilizer. In: Vanlauwe, B., Diels, J., Sanginga, N. and Merckx, R., ed., Integrated plant 
nutrient management in sub-Saharan 
Vanlauwe, B., Diels, J., Sanginga, N. and Merckx, R. 2002a. Integrated plant nutrient management in 
sub-Saharan Africa: from concept to practice. Wallingford, UK, CAB International, 352 p 
Verchot, L.V., Place, F., Shepherd, K.D. and B. Jama. 2007. Science and technological innovations for 
improving soil fertility and management in Africa. A report for the NEPAD Science and 
Technology Forum. ICRAF Working Paper No. 30. Nairobi, Kenya. 
http://www.worldagroforestry.org/downloads/Publications/PDFS/WP15193.pdf 
Verchot, L., Mackensen, J., Kandji, S., Van Noordwijk, M., Tomich, T., Ong, C., Albrecht, A., Bantilan, 
C., Anupama, K.V. and C.H. Palm 2005. Opportunities for linking adaptation and mitigation in 
agroforestry systems. In: Robledo, C., Kanninen, M. and L. Pedroni. (eds.). Tropical Forests and 
Adaptation to Climate Change. In: Search of Synergies. Center for International Forestry 
Research (CIFOR), Bogor, Indonesia. 103–121. 
Vertseeg, N.M. and Koudokpon, 1993. Participative farmer testing of four low external input 
technologies, to address soil fertility decline in Mono Province (Benin). Agricultural System 42: 
265-276. 
Victoria, R., Banwart, S., Black, H., Ingram, J., Joosten, H., Milne, E. and E. Noellemeyer. 2012. 
Benefits of soil carbon. UNEP Year Book. 
http://www.unep.org/yearbook/2012/pdfs/UYB_2012_CH_2.pdf 
[WCED] World Commission on Environment and Development. 1987. Report of the World 
Commission on Environment and Development: Our common future. United Nations. 
http://www.un-documents.net/wced-ocf.htm 
47 
Winowiecki, L., Vågen, T-G. and J. Huising. 2015. Effects of land cover on ecosystem services in 
Tanzania: A spatial assessment of soil organic carbon. Geoderma. 
doi:10.1016/j.geoderma.2015.03.010 
WOCAT. 2007. Where the land is greener – case studies and analysis of soil and water conservation 
initiatives worldwide. Berne, Switzerland: World Overview of Conservation Approaches and 
Technologies (WOCAT). 
Woomer, P.L. and J.S.I. Ingram.1990. The Biology and Fertility of Soils: TSBF Report 1990. 
Nairobi, 
World Bank 2005. Shaping the future of water for agriculture: a sourcebook for investment in 
agricultural water management. Washington, DC, World Bank. 
http://siteresources.worldbank.org/INTARD/Resources/ 
Shaping_the_Future_of_Water_for_Agriculture.pdf) 
World Bank. 2007. World development report 2008. Washington, DC: The World Bank. 
World Bank. 2015. Agriculture and Rural Development. Internet Publication. 
http://data.worldbank.org/topic/agriculture-and-rural-development 
World Bank Group. 2016. Global Monitoring Report 2015/2016: Development Goals in an Era of 
Demographic Change. Overview booklet. World Bank, Washington, DC. License: Creative 
Commons Attribution CC BY 3.0 IGO. 
http://pubdocs.worldbank.org/pubdocs/publicdoc/2015/10/503001444058224597/Global-
Monitoring-Report-2015.pdf 
Young, A. 1989. Agroforestry for Soil Conservation. Wallingford, UK: CAB International. 
Zhu, A.X., Hudson, B., Burt, J., Lubich, K. and D. Simonson. 2001. Soil mapping using gis, expert 
knowledge and fuzzy logic. Soil Science Society of America Journal 65:1463–1472. 
Zhu, A.X., Band, L.E., Vertessy, R. and B. Dutton. 1997. Derivation of soil properties using a soil land 
inference model (SoLIM). Soil Science Society of America Journal 61:523–533. 
Zingore, S., Murwira, H.K., Delve, R.J. and G.E. Giller. 2007. Soil type, management history and 
current resource allocation: Three dimensions regulating variability in crop productivity on 
African smallholder farms. Field Crops Research 101(3):296–305. 
Zomer, R.J., Trabucco, A., Coe, R. and F. Place. 2009. Trees on farm: Analysis of global extent and 
geographical patterns of agroforestry. Vol. 89. Nairobi, Kenya: World Agroforestry Centre. 
Zomer, R.J., Trabucco, A., Coe, R., Place, F., Van Noordwijk, M. and J. Xu. 2014. Trees on farms: An 
update and reanalysis of agroforestry's global extent and socio-ecological characteristics. 
Working Paper 179. Bogor, Indonesia. 
